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Abstract

Porous construction elements, with grid points in a lattice-structure,
will react differently to forcing than a solid homogeneous variant.
Although the reaction of a solid homogeneous construction element
is often expressed in known simple equations the reaction of a porous
lattice-structure will have to be calculated if needed. Therefor the goal
of this research was to find an equation that expresses the reaction of
a porous construction element in a simplified equation. This report
shows the use of a Python script, a finite element method module,
written to find the deflection of a crossed-rectangle porous cantilever
beam under a concentrated force. With that script a study was done
to look into the possibilities to create a simplified equation for this
specific mechanical situation. A parametric analysis resulted in an
equation that approaches the deflection and is similar in form as
the known equation for the solid homogeneous cantilever beam. The
accuracy of this equation is discussed along with the possible uses of
this research. Due to the methodology used the accuracy is highly
influenced by some variables and therefor not perfect. Under specific
circumstances the estimation is proper.
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1 Introduction

1.1 Problem

Fabrication techniques such as selective laser melting(SLM) open up the
possibility the produce lattice-structures with complex internal design that
have distinctive properties. Such lattice-structures are lightweight and high
strength. This makes them potentially beneficial to use in construction where
these properties are much sought after.

Figure 1: Lattice-structure built on Renishaw AM250 metal AM system
(Renishaw, n.d.)

Although extensive research is done on the mechanical properties of such
lattice-structures, mechanical equations to represent and simplify a specific
lattice-structure’s response can be beneficial for fast calculations and estimations.
A quick calculation for an estimation is often all that is needed.

This report delivers an equation that estimates the reaction of such lattice-
structure under a specific loading situation.

1.2 Objective

There is the need to find analytical relations for certain ’lattice-structure
models’, that represent porous construction elements, and express them in
simplified mechanical equations. Because of the repetitive but complex structures
calculations can become extensive.

The topology, anisotropy, loading direction and irregularity of the lattice-
model is important(Alkhader and Vural, 2008) to determine the structure’s
reaction to a certain mechanical situation while this influence the mass,
relative density and thus the directive elasticity, strength and strain of that
element.
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Due to this we need to find the mechanical equation for the lattice-
structures taking into account certain input variables such as the internal
angles of the connections, material properties, size and build-up of the structure.

To detail the scope of the research, the mechanical scenarios and lattice-
models analysed to find mechanical equations are specific. One scenario is
modelled in detail, displayed in the following figure 2:

• Lattice-structure cantilever beam with a concentrated load

Figure 2: Cantilever deflection

A specific lattice-structure model is researched: Crossed-Rectangles (right)

Figure 3: Visualisation lattice-structures with rectangles, diamonds, triangles
and crossed rectangles (fLTR)

The research question to answer:

• How can the reaction of a porous cantilever beam under a concentrated
force be expressed in a mechanical equation?

The partial questions answered and analyses done to lead to an answer
to the research question are:

• Parameter study
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• What equation could be created for the deflection of a porous crossed-
rectangle cantilever beam?

The objective of the report is to find an equation or way to simply
calculate above mentioned reaction of the porous crossed-rectangle cantilever
beam with high accuracy.

1.3 Approach

A finite element method (FEM) results in the deflection of the scenario and
that could indicate a set relation between the known mechanical equation for
a solid homogeneous beam and the desired equation for the lattice-structure
beam. The equation for the solid cantilever beam is known to be reliant on
bending stiffness. The lattice-structure’s will also have a directive bending
stiffness but that will dependent on the specific model. The equation has to
be accounting for this, and the input of other variables. A solid cantilever
beam has the following mechanical equations, with variables:

wmax =
Fl3

3EI
; Θ =

Fl2

2EI
(1)

The structure, in this research, is assumed to be slender, as the cross-
sectional dimensions are much smaller than the axial lengths.

The outcome sheds light on the relation on specific input variables of a
crossed-rectangle lattice-structure and the deflection of that lattice-structure
in the cantilever mechanical situation.

To generate numerical results for the models a finite element method
named CALFEM(Computer Aided Learning of the Finite Element Method)
is used as a module for Python. These analytical results could differ from
experimental results(Gümrük and Mines, 2013), while this is the case under
compression. However, the analytical result might be representative for the
construction element’s response.

Several scripts using CALFEM are written and used to find and generate
results necessary to draw a conclusion. Their function is shortly described
but a more detailed description and their application can be found in the
appendix.
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Crossed-Rectangle Python Script

The important goals of the script were to be able to generate a cantilever
beam with the crossed-rectangle lattice-structure configuration, while remaining
infinitely upscale-able. It has to be dependent on specific variables, described
below.

The lattice-structure deflection is determined by several input variables
in the Python model, to fulfill the set goals for the script. This establishes
the following Python function that calculates the deflection of the cantilever
beam: cantilever(F,t,b,E,h,l,nh,nl). These variables are elaborated in figure
4 below.

Figure 4: Rectangle with cross lattice-structure with variables

• F, the force on the cantilever

• t, the thickness of the material

• b, the width of the beam

• E, the Young’s modulus

• h, the height of the beam

• l, the length of the beam

• nh, the number of repeated inner-structures in the y-axis

• nl, the number of repeated inner-structures in the x-axis
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Extensive Crossed-Rectangle Python Script

A separate script with largely the same code can be ran to not only find the
deflection but find all changed data regarding the lattice-structure such as
changed coordinates of the lattice and the internal forces for every connecting
element. It is advised to use this script when looking at one set of specific
variables. It also prints specific values such as the internal angle of the
connections and states whether the chosen dimension results in a structure
that is regarded slender. With this additional data it plots the deflected
structure as seen in the example below. Lastly, all internal forces of every
connecting element are calculated.

Figure 5: Example of calculated displaced beam generated by the script
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2 Results

2.1 Parameter Study

Force

The effect of the force(F ) on the deflection of the cantilever beam was
researched by having every characteristic besides the force constant. By
inputting the following forces on a specific beam a linear relation was quickly
found with the use of the written Python function: cantilever().

w ∼ F (2)

Figure 6: Relation between the applied force and cantilever beam deflection*

*set variables: cantilever(F[i], t=2.5*10**-4, b=0.2, E=210*10**10, h=0.2,
l=2, nh=4, nl=6)
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Length

With the same methodology the relation of the length(l) on the deflection
was found. Which as also in line with the solid homogeneous beam as the
relation was to the third power.

w ∼ l3 (3)

Figure 7: Relation between the length and a 2 meter crossed-rectangle
cantilever beam deflection*

*set variables: cantilever(F=-800e3, t=2.5*10**-4, b=0.2, E=210*10**10,
h=0.2, l=[i], nh=4, nl=6)
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Young’s Modulus

The relation of the Young’s modulus and the reflection is also in line with
the known equation for the solid homogeneous cantilever beam:

w ∼ 1

E
(4)

Figure 8: Relation between the Young’s modulus and a 2 meter crossed-
rectangle cantilever beam deflection*

*set variables: cantilever(F=-800e3, t=2.5*10**-4, b=0.2, E=[i], h=0.2,
l=2, nh=4, nl=6)
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The number of repeating inner-structures

The effect that the number of repeating inner-structures has on the deflection
was researched by leaving the other input variables constant. The information,
3680 separate deflection calculations, was gathered for every combination in
the following sets:

nh = {2 ≤ nh ≤ 42} , nl = {4 ≤ nl ≤ 96} (5)

Figure 9: Deflection of 2 meter cantilever beam with variable amount of
inner-structures with set variables* **

*set variables: cantilever(F=-800e3, t=2.5*10**-4, b=0.2, E=210*10**10,
h=0.2, l=2, nh[i], nl[j])

**White deflections in the left bottom corner imply a deflection larger
than 1m or a structural failure

Due to the fact that the more repeating inner-structures are present, the
more material is used the relation that more structures give less deflection
was expected. One thing about the results is significant: for a specific nh or
nl a specific corresponding nl or nh gives an optimum, the least deflection.
This can be seen in figure 9 above, but is elaborated in figure 10 below.

12



Figure 10: Deflection of 2 meter cantilever beam with variable amount of
inner-structures with set variables and highlighted values of nh*

*set variables: cantilever(F=-800e3, t=2.5*10**-4, b=0.2, E=210*10**10,
h=0.2, l=2, nh=[3,5,7,9], nl[j])

Four values of nh are picked from the data used to create figure 10 to
clearly show to optimum value of nl that corresponds to the value of nh to
get the least deflection solution.

The inner structures and their relation to the height and length resulted
in a complex relation to the deflection unable to be fitted. However, if the
the inner crossed-rectangles are a square, the sides are equal in length, which
means the following relation:

h

nh
=

l

nl
(6)

Then the deflection was able to be fitted and shown in figure 11 below:

w(
h

nh
=

l

nl
) ∼ 8 · nh

(nh+ 2) · (nh+ 1) · (2 +
√

2)
(7)
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Figure 11: The relation to the deflection when h/nh = l/nl

Although this is helpful for this specific circumstance it does not help
because h, nh, l, nl are seldom in this ratio due to the character of the
chosen model.

The relation between the deflection and these variables is unable to be
fitted. The deflection is influenced by a specific value which is dependent
above mentioned on variables and every specific ratio that is different than
shown in 8.
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Height

After fitting the data, gathered with set variables, of the effect of a changing
height(h) on the deflection the following relation became clear.

w ∼ 1

h2
(8)

Figure 12: Relation between the Young’s modulus and a 2 meter crossed-
rectangle cantilever beam deflection*

*set variables: cantilever(F=-800e3, t=2.5*10**-4, b=0.2, E=210*10**10,
h=[i], l=2, nh=4, nl=6)
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Thickness

After fitting the data, gathered with set variables, of the effect of a changing
thickness(t) on the deflection the following relation became clear.

w ∼ 1

t
(9)

Figure 13: Relation between the thickness and a 2 meter crossed-rectangle
cantilever beam deflection*

*set variables: cantilever(F=-800e3, t=[i], b=0.2, E=210*10**10, h=0.2,
l=2, nh=4, nl=6)
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Width

After fitting the data, gathered with set variables, of the effect of a changing
width(b) on the deflection the following relation became clear.

w ∼ 1

b
(10)

Figure 14: Relation between the thickness and a 2 meter crossed-rectangle
cantilever beam deflection*

*set variables: cantilever(F=-800e3, t=2.5*10**-4, b=[i], E=210*10**10,
h=0.2, l=2, nh=4, nl=6)
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2.2 What equation could be created for the deflection
of a porous crossed-rectangle cantilever beam?

Now that all relations between the deflection and the variables are made clear
we can establish a function for the deflection based on those variables seen
in equation 11.

wmax = α · F · l3

E · h2 · t · b
(11)

The component α is dependent on the amount of repeating inner structures,
nh and nl, their relation to the height and length and a possible constant
component like in equation 1. This equation, for the porous cantilever beam,
can be rewritten to be in the same form as equation 1, the function of the
solid homogeneous cantilever beam. This form can be obtained with the
substitution of Î, where Î is dependent on the variables which influence the
geometry.

wmax =
Fl3

3EÎ
; Î =

h2 · t · b
3α

(12)

Due to the nature of α it is a value that is specific for every combination
of the variables nh,nl and their relation to the height and length. We can
therefor read the needed value of α from the table in subsection 5.1, Forget-
me-not. The Forget-me-not is an overview of the equation used to calculate
the deflection of the crossed-rectangle cantilever beam in a simplified matter
and the tables necessary to use the α.
To compute the α values the known values of the deflection calculated with
the Python script, for a lot of combinations of nh and nl, were divided by
the right hand side of the equation which consists of the input values also
inputted in the Python script.

αnh,nl =
wnh,nl,max

F ·l3
E·h2·t·b

(13)
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3 Discussion

The results show a clear relation from the variables and the deflection which is
at the origin of the created equation 11. This equation are all the variables in
their found relation with the deflection in combination with the α value. This
value was chosen as the deflection for a lot of combinations, with a specific
data set used, divided by the variables with a known relation. However this
equation is inaccurate. It takes into a count the amount of nh and nl. It
does not take into a count the relation from the length and height with the
amount of inner structures:

h

nh
= p ∗ l

nl
(14)

Although the script returns the exact deflections, the equation, due to
the above stated reasons, can only be used as an estimation. The accuracy
is represented by the deviation, which is set as a percentage that the answer
from the equation is different from the FEM solution.

The following statements can be made about the (in)accuracy of the
Forget-me-not(FMN).

• Accuracy is not impacted by force, width and Young’s modulus.

• Accuracy is impacted by the height, length and thickness and the
amount of repeated inner structures.

In figure 15 the relation of the inner structures and thickness with the
deviation is highlighted in detail. A zero percent deviation implies the FEM
solution equals the FMN solution. It clearly highlights the relation between
the deviation due to the thickness, more deviation when the thickness is
greater. The coupled lines, red and green, purple and blue, brown and orange,
highlight the slight change in accuracy due to a change in thickness. This
change in accuracy is no more than 5 percent when t is less than 2 centimeters,
and no more than 1.25 percent when t is less than 1 cm. However the
deviation from the correct deflection is significant when the above mentioned
ratio, the value p, changes.

The deviation also increases if the size of the structure increases, while
the p stays the same, seen in the increase in slope of the lines. Size here
indicates the following: h = 0.2, nh = 2, l = 2, nl = 20 , h = 0.4, nh = 4,
l = 4, nl = 40 andh = 0.8, nh = 8, l = 8, nl = 80 . The increase in p is
generated with small steps of increase in the length. The last set of variables
of size, h = 0.8, nh = 8, l = 8, nl = 8 has the most deviation.
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Figure 15: Accuracy of the FMN solution in comparison with the FEM
solution under influence of h,nh,l,nl.

Figure 16: The increase in slope due to size, the red, purple and brown line.

All in all it is clear that the deviation is less than 5 percent if the thickness
is smaller than 1 centimeter and the p is less than 1.075. Independent of the
sizing, because of the effect of sizing becomes significant with p increases.
This is clearly depicted in the top left of figure 15.
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4 Conclusion

The goal of the research was to find out how to express the reaction of a
porous construction element in a simplified mechanical equation, in particular
that deflection of a porous cantilever beam with a concentrated load. If
possible, the equation needed to be simple and easily usable. Comparable to
the known equation 1 for a solid homogeneous cantilever beam. The lattice-
structure of the porous element chosen for this research was the crossed-
rectangle model depicted in figure 3.

The research, done with CALFEM, gave a clear look into all the variables
and their relation to the deflection of the cantilever beam. With those
relations the following equation for the deflection of the porous crossed-
rectangle cantilever beam was created. A formula sheet, the Forget-me-not,
was created where one can find an α value that corresponds to an amount of
repeating inner structures. This α value can be used in the equation:

wmax = α · F · l3

E · h2 · t · b
(15)

Although the use of CALFEM gave an exact solution, the created equation
did result in answers with varying accuracy. The answer of the Forget-me-
not deviates less than 5 percent of the FEM solution when the thickness is
less than 1 cm, p is less than 1.075 and the length is shorter than 10 meters.
Thus an accurate answer is only possible under very specific circumstances
and it is therefor advised to stay within these boundaries or use the Python
script for an exact solution.

The relation of the amount of inner structures to the deflection was able
to be found for rectangles square in size, elaborated in section 2.1. It is highly
likely that it is possible to find a relation for the deflection with varying size
and varying values of p. This expectation arises due to the fact that it is
possible for the square size. Also due to the linear relation of the increase in p
with the percentile deviation in figure 15. And lastly because of the increase
in size that increases the deviation. A follow up study could reveal a more
accurate, maybe exact, equation for the deflection of the crossed-rectangle
cantilever beam.

A replacement was done for the moment of inertia, as seen in equation
12: Î. One could hypothesize that this representation of the moment of
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inertia could be of use in other mechanical practices such as buckling. Due
to the inaccuracy that the methodology generated this might not be feasible.
Instead of researching the impact of the variables and using that information
to create an equation, it could be beneficial to use the standard equation 1
and look at an estimation for the moment of inertia of a crossed-rectangle
lattice structure.

Lastly, the methodology and written Python scripts followed and used
in this research are also applicable to the rotation at the point of loading
depicted in figure 2. The cantilever() function does also return the rotation
for all input variables. The scrip can therefor be used to get the correct
rotation. A Forget-me-not could be written for this relation which could give
a depiction of the answer for the rotation.
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5 Appendix

5.1 Forget-me-not
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Forget-me-not  -  Porous Crossed Rectangle Cantilever Beam
Values of α used in the deflection forget me not of a porous crossed cantilever beam dependent on the number
 of repeating inner structures in length(nl) and height(nh) 

NL / NH 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1 1.007265 1.337352 1.802509 2.287451 2.779002 3.273539 3.769658 4.266695 4.764296 5.262259 5.760444 6.258768 6.757144 7.255566 7.753988 8.252344 8.750634 9.248859 9.746953 10.24498
2 0.757326 0.672459 0.707438 0.785466 0.88307 0.990741 1.104068 1.220783 1.339616 1.459868 1.581077 1.702975 1.825366 1.948131 2.071178 2.194434 2.317862 2.441414 2.565065 2.688794
3 0.711119 0.552148 0.503464 0.500945 0.520515 0.552187 0.591095 0.634594 0.681142 0.72977 0.779881 0.831049 0.883011 0.935563 0.988562 1.041922 1.09555 1.149409 1.203438 1.257611
4 0.695048 0.513564 0.433268 0.401223 0.392397 0.396416 0.408243 0.425135 0.445468 0.468225 0.492735 0.518544 0.545331 0.572868 0.600987 0.629565 0.658508 0.687745 0.717222 0.746891
5 0.687704 0.499693 0.402439 0.355701 0.333166 0.323972 0.3229 0.327124 0.334982 0.345427 0.357769 0.371536 0.386391 0.402095 0.418465 0.435368 0.4527 0.47038 0.488346 0.506548
6 0.683826 0.496397 0.387579 0.331838 0.301375 0.284721 0.276439 0.273614 0.27454 0.278146 0.283732 0.290813 0.299047 0.308187 0.318046 0.328485 0.339395 0.350693 0.36231 0.374194
7 0.681588 0.498701 0.380651 0.318428 0.282707 0.261303 0.248518 0.241329 0.237982 0.237384 0.238817 0.241792 0.245961 0.251071 0.256934 0.263406 0.270378 0.277762 0.28549 0.293506
8 0.680236 0.504365 0.37828 0.310778 0.271153 0.246419 0.230566 0.220451 0.214263 0.21088 0.20957 0.209835 0.211322 0.213775 0.217004 0.220862 0.225237 0.230044 0.235209 0.240678
9 0.679409 0.512149 0.378833 0.306639 0.263838 0.236566 0.218469 0.206261 0.198064 0.192727 0.189501 0.187877 0.187498 0.188103 0.189499 0.19154 0.194112 0.197126 0.200511 0.204211

10 0.678917 0.521248 0.381421 0.304824 0.25924 0.229894 0.21005 0.196257 0.186567 0.179793 0.175166 0.172167 0.170431 0.169695 0.169763 0.170488 0.171753 0.17347 0.175566 0.177985
11 0.678641 0.531084 0.385509 0.304652 0.256497 0.225354 0.204069 0.189018 0.178169 0.170292 0.164601 0.160563 0.157806 0.156063 0.155136 0.154874 0.155161 0.155907 0.157039 0.158499
12 0.678523 0.54122 0.390737 0.305709 0.255088 0.222309 0.199783 0.183686 0.171898 0.163147 0.156619 0.151771 0.148223 0.145702 0.144006 0.142984 0.142519 0.142518 0.142908 0.143632
13 0.678517 0.551325 0.396846 0.307725 0.254681 0.220362 0.196717 0.179717 0.167144 0.157674 0.15047 0.144972 0.140793 0.137654 0.135352 0.133731 0.132672 0.132083 0.131891 0.132036
14 0.678595 0.561157 0.40363 0.310514 0.25506 0.219247 0.194563 0.176756 0.163502 0.153425 0.145657 0.139626 0.134932 0.131293 0.1285 0.126396 0.12486 0.1238 0.123139 0.12282
15 0.67874 0.570546 0.410919 0.313938 0.256072 0.218786 0.19311 0.174561 0.160699 0.150094 0.141846 0.135365 0.130243 0.12619 0.122992 0.120491 0.118565 0.11712 0.116078 0.11538
16 0.67893 0.579383 0.418568 0.317894 0.25761 0.218853 0.192212 0.172961 0.158544 0.147468 0.138802 0.131934 0.126448 0.122044 0.118508 0.115677 0.113426 0.11166 0.110302 0.109291
17 0.67916 0.587606 0.42645 0.322296 0.259592 0.219359 0.191762 0.171836 0.156901 0.145395 0.136355 0.129149 0.123345 0.118643 0.114818 0.111706 0.10918 0.107145 0.105521 0.104248
18 0.679422 0.59519 0.434453 0.32707 0.261957 0.220234 0.191683 0.171099 0.155668 0.143765 0.134384 0.126874 0.120793 0.115827 0.111753 0.108399 0.10564 0.103374 0.101525 0.100028
19 0.679711 0.602138 0.442482 0.332156 0.264655 0.221427 0.191919 0.170683 0.154773 0.142492 0.132796 0.125011 0.11868 0.113483 0.109189 0.105625 0.102662 0.100198 0.098153 0.096465
20 0.680026 0.60847 0.450455 0.337494 0.267644 0.222899 0.192424 0.170537 0.154158 0.141515 0.131522 0.123483 0.116925 0.111519 0.10703 0.103281 0.100139 0.097501 0.095287 0.093434
21 0.680361 0.614219 0.458303 0.343033 0.27089 0.224616 0.193164 0.170624 0.153781 0.140785 0.13051 0.122232 0.115464 0.109869 0.105203 0.101288 0.097987 0.095197 0.092834 0.090835
22 0.680702 0.619425 0.46597 0.348727 0.274359 0.226553 0.194111 0.170912 0.153606 0.140266 0.129718 0.121213 0.114249 0.108479 0.103653 0.099588 0.096145 0.093217 0.090722 0.088594
23 0.681069 0.62413 0.47341 0.35453 0.278024 0.228687 0.195243 0.171379 0.153609 0.139926 0.129112 0.120389 0.113241 0.107307 0.102333 0.09813 0.094558 0.091508 0.088894 0.086651
24 0.681437 0.628379 0.48059 0.360403 0.281859 0.230998 0.196542 0.172004 0.153767 0.139743 0.128667 0.119733 0.112408 0.10632 0.101208 0.09688 0.093189 0.090026 0.087306 0.084959
25 0.681824 0.632215 0.487482 0.366308 0.285841 0.233469 0.197993 0.172772 0.154063 0.139698 0.128363 0.119223 0.111727 0.105492 0.10025 0.095803 0.092003 0.088738 0.08592 0.083479
26 0.682218 0.635677 0.494072 0.372214 0.289944 0.236083 0.199581 0.173669 0.154483 0.139774 0.128181 0.118838 0.111175 0.1048 0.099434 0.094877 0.090975 0.087615 0.084707 0.08218
27 0.682618 0.638805 0.500349 0.37809 0.29415 0.238828 0.201296 0.174683 0.155013 0.13996 0.128108 0.118565 0.110739 0.104227 0.098743 0.09408 0.090083 0.086634 0.083642 0.081036
28 0.683025 0.641632 0.506309 0.383908 0.298438 0.24169 0.203126 0.175807 0.155647 0.140244 0.128133 0.118389 0.110404 0.103758 0.09816 0.093396 0.089308 0.085776 0.082707 0.080028
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68 0.701551 0.673398 0.592392 0.507168 0.428297 0.359368 0.301643 0.254759 0.217358 0.187723 0.164207 0.145418 0.130254 0.117875 0.107647 0.099098 0.09187 0.085695 0.080369 0.075735
69 0.702037 0.673621 0.592926 0.508248 0.429913 0.361325 0.303697 0.25672 0.219119 0.189246 0.165494 0.146492 0.131144 0.11861 0.108253 0.099596 0.09228 0.086032 0.080645 0.07596
70 0.702522 0.673844 0.593437 0.509282 0.43147 0.363226 0.305708 0.258655 0.220869 0.190767 0.166786 0.147574 0.132043 0.119354 0.108869 0.100104 0.092699 0.086378 0.080929 0.076192
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Forget-me-not  -  Porous Crossed Rectangle Cantilever Beam
Values of α used in the deflection forget me not of a porous crossed cantilever beam dependent on the number
 of repeating inner structures in length(nl) and height(nh) 

NL / NH 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
1 10.74288 11.24058 11.73815 12.23558 12.73283 13.22987 13.72672 14.22337 14.71982 15.21608 15.71207 16.20787 16.70347 17.19874 17.69381 18.18863 18.68318 19.17746 19.67142 20.16512
2 2.812576 2.936397 3.060251 3.184118 3.307992 3.431859 3.555727 3.679574 3.803402 3.927203 4.050972 4.174708 4.298405 4.422062 4.545673 4.669232 4.792738 4.916192 5.039587 5.162922
3 1.311903 1.366293 1.420762 1.475289 1.52987 1.584496 1.639148 1.693834 1.748539 1.80325 1.857982 1.912713 1.967444 2.022182 2.076907 2.131625 2.186336 2.241035 2.295713 2.350379
4 0.776724 0.806689 0.836758 0.866933 0.897179 0.927491 0.957863 0.98828 1.01873 1.049219 1.079741 1.110277 1.140838 1.171413 1.201994 1.232588 1.263189 1.29379 1.324398 1.354999
5 0.524946 0.543509 0.56221 0.581029 0.599946 0.618949 0.638024 0.657162 0.676351 0.695592 0.714866 0.73418 0.753519 0.772885 0.792271 0.811676 0.831095 0.850526 0.869971 0.889422
6 0.386301 0.398597 0.411053 0.423645 0.436355 0.449164 0.46206 0.475032 0.488068 0.50116 0.514302 0.527487 0.540709 0.553965 0.567249 0.580557 0.593888 0.607238 0.620604 0.633984
7 0.301765 0.310232 0.318875 0.327669 0.336594 0.345632 0.354767 0.363988 0.373284 0.382644 0.392062 0.401531 0.411044 0.420595 0.430182 0.439799 0.449443 0.459111 0.4688 0.478508
8 0.246405 0.252352 0.258487 0.264786 0.271225 0.277787 0.284455 0.291218 0.298062 0.304979 0.31196 0.318998 0.326085 0.333218 0.34039 0.347597 0.354836 0.362102 0.369393 0.376707
9 0.208178 0.212375 0.216769 0.221335 0.226049 0.230894 0.235852 0.240911 0.246059 0.251284 0.256579 0.261936 0.267346 0.272807 0.278311 0.283854 0.289433 0.295043 0.300681 0.306345

10 0.180678 0.183608 0.186743 0.190055 0.193522 0.197124 0.200846 0.204673 0.208594 0.212597 0.216674 0.220817 0.225018 0.229273 0.233574 0.237918 0.2423 0.246717 0.251165 0.255641
11 0.160241 0.162223 0.164415 0.166789 0.169323 0.171997 0.174794 0.177701 0.180705 0.183795 0.186962 0.190198 0.193497 0.196851 0.200255 0.203704 0.207194 0.210721 0.214281 0.217872
12 0.144641 0.145896 0.147364 0.149018 0.150835 0.152796 0.154884 0.157083 0.159383 0.161772 0.164241 0.166781 0.169387 0.17205 0.174765 0.177528 0.180334 0.183179 0.18606 0.188972
13 0.132469 0.133152 0.134052 0.13514 0.136394 0.137795 0.139325 0.140969 0.142717 0.144555 0.146476 0.14847 0.150531 0.152652 0.154828 0.157052 0.159322 0.161632 0.163979 0.16636
14 0.122793 0.123018 0.123462 0.124098 0.124902 0.125854 0.126938 0.128138 0.129443 0.130841 0.132324 0.133881 0.135506 0.137194 0.138937 0.140732 0.142572 0.144454 0.146375 0.148331
15 0.114978 0.11483 0.114903 0.115171 0.115608 0.116196 0.116917 0.117756 0.118701 0.119741 0.120867 0.122069 0.123341 0.124676 0.126068 0.127512 0.129004 0.130538 0.132112 0.133723
16 0.108579 0.108122 0.10789 0.107854 0.107989 0.108276 0.108697 0.109239 0.109888 0.110633 0.111463 0.112373 0.113353 0.114398 0.1155 0.116656 0.117859 0.119107 0.120396 0.121723
17 0.103275 0.102562 0.102074 0.101783 0.101666 0.101702 0.101873 0.102166 0.102567 0.103065 0.103651 0.104317 0.105053 0.105855 0.106716 0.107631 0.108595 0.109604 0.110654 0.111743
18 0.098835 0.097903 0.097199 0.096694 0.096362 0.096187 0.096147 0.09623 0.096422 0.096713 0.097092 0.09755 0.098082 0.098679 0.099336 0.100048 0.10081 0.101617 0.102467 0.103355
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Forget-me-not  -  Porous Crossed Rectangle Cantilever Beam
Values of α used in the deflection forget me not of a porous crossed cantilever beam dependent on the number
 of repeating inner structures in length(nl) and height(nh) 

NL / NH 41 42 43 44 45
1 20.65855 21.15173 21.64457 22.13708 22.62927
2 5.286192 5.409403 5.532542 5.655608 5.778603
3 2.405025 2.459651 2.514258 2.568838 2.623392
4 1.385606 1.416201 1.446795 1.477383 1.507958
5 0.90888 0.928344 0.947809 0.96728 0.986744
6 0.647377 0.660778 0.674192 0.687612 0.701033
7 0.488232 0.49797 0.507722 0.517484 0.527256
8 0.384041 0.391393 0.39876 0.406142 0.413536
9 0.312032 0.317739 0.323464 0.329207 0.334964

10 0.260142 0.264666 0.269211 0.273775 0.278356
11 0.221491 0.225134 0.2288 0.232488 0.236194
12 0.191914 0.194883 0.197877 0.200893 0.203929
13 0.168772 0.171212 0.173678 0.176168 0.178679
14 0.150319 0.152337 0.154382 0.156451 0.158543
15 0.135367 0.137041 0.138744 0.140472 0.142225
16 0.123083 0.124474 0.125895 0.127342 0.128814
17 0.112866 0.114022 0.115207 0.11642 0.117658
18 0.104279 0.105236 0.106223 0.107237 0.108279
19 0.096991 0.097779 0.098596 0.099444 0.100316
20 0.090754 0.091396 0.092069 0.092771 0.093501
21 0.085376 0.085891 0.086439 0.087016 0.087621
22 0.080705 0.081111 0.08155 0.082017 0.082513
23 0.076624 0.076934 0.077276 0.077648 0.078048
24 0.073037 0.073262 0.07352 0.073808 0.074124
25 0.069868 0.070018 0.070201 0.070414 0.070656
26 0.067055 0.067138 0.067254 0.067401 0.067576
27 0.064547 0.06457 0.064626 0.064713 0.064829
28 0.062302 0.06227 0.062273 0.062306 0.062369
29 0.060284 0.060204 0.060157 0.060143 0.060157
30 0.058464 0.05834 0.058249 0.058191 0.058161
31 0.056817 0.056653 0.056522 0.056424 0.056355
32 0.055322 0.055121 0.054955 0.05482 0.054715
33 0.053962 0.053728 0.053527 0.053359 0.053221
34 0.052721 0.052455 0.052225 0.052026 0.051857
35 0.051585 0.051291 0.051032 0.050806 0.050609
36 0.050544 0.050224 0.049939 0.049686 0.049464
37 0.049587 0.049242 0.048933 0.048657 0.04841
38 0.048705 0.048339 0.048007 0.047708 0.04744
39 0.047892 0.047504 0.047152 0.046832 0.046543
40 0.047141 0.046733 0.046361 0.046023 0.045714
41 0.046445 0.046019 0.045629 0.045272 0.044946
42 0.045799 0.045357 0.04495 0.044576 0.044233
43 0.0452 0.044741 0.044318 0.043929 0.04357
44 0.044643 0.044169 0.043731 0.043326 0.042953
45 0.044124 0.043635 0.043183 0.042765 0.042377
46 0.04364 0.043138 0.042672 0.04224 0.04184
47 0.043188 0.042673 0.042195 0.041751 0.041338
48 0.042766 0.042239 0.041749 0.041292 0.040868
49 0.042371 0.041832 0.041331 0.040863 0.040428
50 0.042001 0.041452 0.040939 0.040461 0.040015
51 0.041655 0.041095 0.040572 0.040083 0.039627
52 0.04133 0.04076 0.040227 0.039729 0.039263
53 0.041025 0.040445 0.039903 0.039395 0.03892
54 0.040738 0.040149 0.039598 0.039082 0.038598
55 0.040469 0.039871 0.039311 0.038787 0.038294
56 0.040216 0.03961 0.039041 0.038508 0.038008
57 0.039978 0.039364 0.038787 0.038246 0.037738
58 0.039754 0.039132 0.038547 0.037999 0.037483
59 0.039544 0.038913 0.038321 0.037766 0.037243
60 0.039345 0.038707 0.038108 0.037545 0.037016
61 0.039158 0.038513 0.037907 0.037337 0.036801
62 0.038982 0.03833 0.037717 0.03714 0.036598
63 0.038816 0.038157 0.037538 0.036955 0.036406
64 0.03866 0.037994 0.037368 0.036779 0.036224
65 0.038512 0.03784 0.037208 0.036613
66 0.038374 0.037695 0.037057 0.036456
67 0.038243 0.037558 0.036914 0.036307
68 0.03812 0.037429 0.036779 0.036166
69 0.038004 0.037308 0.036652 0.036033
70 0.037895 0.037193 0.036531 0.035908
71 0.037793 0.037085 0.036418 0.035789
72 0.037697 0.036983 0.036311 0.035676
73 0.037607 0.036887 0.036209 0.03557
74 0.037522 0.036797 0.036114 0.03547
75 0.037443 0.036712 0.036024 0.035375
76 0.037368 0.036633 0.035939 0.035285
77 0.037299 0.036558 0.03586 0.035201
78 0.037234 0.036488 0.035785 0.035121
79 0.037174 0.036423 0.035714 0.035046
80 0.037118 0.036361 0.035648 0.034975
81 0.037066 0.036304 0.035586 0.034909
82 0.037018 0.036251 0.035528 0.034846
83 0.036974 0.036202 0.035474 0.034788
84 0.036933 0.036156 0.035424 0.034733
85 0.036896 0.036114 0.035377 0.034681
86 0.036862 0.036075 0.035333 0.034633
87 0.036831 0.036039 0.035293 0.034589
88 0.036803 0.036007 0.035256 0.034547
89 0.036779 0.035977 0.035222 0.034509
90 0.036757 0.035951 0.035191 0.034473
91 0.036738 0.035927 0.035162 0.034441
92 0.036722 0.035905 0.035136 0.034411
93 0.036708 0.035887 0.035113 0.034383
94 0.036697 0.035871 0.035093 0.034358
95 0.036688 0.035857 0.035075 0.034336
96 0.036681 0.035846 0.035059 0.034316



5.2 Python code

In this section a brief description is be made of all the code and their function.
At first the entire extensive crossed-rectangle script functioning is explained
and how to operate it. Secondly the cantilever function is explained. .

Extensive Crossed-Rectangle Python Script

Input variables These are the specific variables, the characteristics of the
cantilever beam.

Dof The degrees of freedom matrix, Dof, is a matrix that numbers of
degrees of freedom of the entire grid. Grid point 1 will generate array line
[1, 2, 3] while grid point 2 will generate array line [4, 5, 6].
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Coord The generated matrix with all the degrees of freedom will need a
corresponding coordinate matrix, Coord, with coordinates in the XY plane
as seen in figure 4.
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Edof Now that all grid points have degrees of freedom and corresponding
coordinates the topology of the lattice-structure is specified. The Edof matrix
is an array where every line in the array corresponds to an element. [1, 2, 3, 4, 5, 6]
will be an element that connects grid point 1 and 2. And because of the
corresponding coordinates, all elements are specified which in turn results in
the entire lattice-structure.
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Print Before the calculations are commenced certain things well be returned
as a print to the user. This is information put in, gathered or checks, such
as the slenderness check.

Calculations Now that the entire structure is defined certain calculations
are needed to be made to find a solution. First the element coordinate
matrices ex and ey are created. Then the correct lattice point is identified
as the point of the applied force.

Then the boundary conditions for the structure are inserted. In this case
that is the clamped connection for the origin of the beam.

The functions beam2e and assem are then used to create the element
stiffness matrix for every element and the the global stiffness matrix needed
to solve the system of equations.
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The system is then solved. This returns the movement of every lattice
point. The rotation of the structure is then also found.

Plot The movement of every lattice point is used in combination with the
original Coord array to create the displaced Coord2 array. With this
information new element coordinate matrixes are created. A plot of the
displaced structure can then be made with either cfvm or cfv. Cfv is the
more detailed but slower option.

Internal Forces Some can be used to get a detailed look at the internal
forces at play.
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Solution Print Lastly, a print shows the solutions.

Cantilever function

This function is used to gather all the data.
The cantilever function is a copy of most of the code used in the Extensive

Crossed-Rectangle Python Script. However, all prints and plots are removed
from the code and the script solely returns the deflection, rotation at the
loading and the angle of the crosses internally. The input variables are the
function’s variables instead. The code that sheds light on every element’s
internal forces is also absent.

The function only contains Dof, Coord, Edof and Calculations
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