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ABSTRACT

In the present paper a new additive manufacturing processing route is introduced for ultra-high performance
concrete. Interdisciplinary work involving materials science, computation, robotics, architecture and design re-
sulted in the development of an innovative way of 3D printing cementitious materials. The 3D printing process
involved is based on a FDM-like technique, in the sense that a material is deposited layer by layer through an ex-
trusion printhead mounted on a 6-axis robotic arm. The mechanical properties of 3D printed materials are
assessed. The proposed technology succeeds in solving many of the problems that can be found in the literature.
Most notably, this process allows the production of 3D large-scale complex geometries, without the use of tem-
porary supports, as opposed to 2.5D examples found in the literature for concrete 3D printing. Architectural cases
of application are used as examples in order to demonstrate the potentialities of the technology. Two structural
elements were produced and constitute some of the largest 3D printed concrete parts available until now. Multi-
functionality was enabled for both structural elements by taking advantage of the complex geometry which can

be achieved using our technology for large-scale additive manufacturing.

1. Introduction

Until recently, additive manufacturing (AM) techniques were con-
fined to high value adding sectors such as the aeronautical and biomed-
ical industries, mainly due to the steep cost of primary materials used
for such processes. In the last decade, the development of large-scale
AM in such domains as design, construction and architecture, using
various materials such as polymers [19], metals [20] and cementitious
materials [16]. The deposition process introduced in this paper is de-
signed for cement-based 3D printing.

Historically, the first attempt at cement-based AM was made by [21]
using an intermediate process between the classical powder bed and
inkjet head 3D printing (3DP) [25] and fused deposition modeling
(FDM) [8], in order to glue sand layers together with a Portland cement
paste. Many groups have been involved with the development of large-
scale AM for construction applications, all of which have been using pro-
cessing routes derived from FDM or 3DP, although varying depending
on the chosen material and targeted application.

Among the literature available, three projects stand out over the last
decade.

* Corresponding author at: PIMM, Arts et Métiers-ParisTech/CNAM/CNRS UMR 8006,
151 bd de I'Hopital, 75013 Paris, France.
E-mail address: justin.dirrenberger@ensam.eu (J. Dirrenberger).

* The pioneering Contour Crafting (CC) project [14] is based on the ex-
trusion of two layers of cementitious materials in order to generate a
formwork. The extruded piece surface roughness is smoothed out
using a trowel while performing the extrusion. The 3D printhead is
mounted on an overhead crane as the system is designed for on-site
construction operations. There are several drawbacks with the tech-
nology developed by [14]: the CC technology is limited to vertical ex-
trusion, hence yielding 2.5D topologies (vertical extension of a planar
shape); the initial formwork and trowel system can be rather complex
to implement for production, depending on the size and shape of the
object being printed. Furthermore, the interrupted sequential casting
of concrete within the formwork due to hydrostatic pressure and
weak mechanical properties of the extruded cement ensure the
occurence of weakened interfacial zones between the layers, as
shown experimentally by [17].

* The on-going concrete printing project at Loughborough University
[6] is to a certain extent similar to the CC project since the printhead
used for deposition of cementitious materials is also mounted on an
overhead crane [18]. The material used in this project is a high-
performance concrete [17], yielding better material properties than
was obtained in the CC project. The high mechanical performance of
the material combined with the relatively small diameter of the
extrudate (4 —6 mm) [16] allow for a good geometrical control. How-
ever, the trade-off necessary for maintaining its dimensional accuracy
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makes the process quite slow with regards to the envisioned industri-
al application. Although the project initially aimed at developing a
processing system enabling for the generation of 3D topologies rather
than 2.5D, the proposed solutions made use of supports, as in many
other AM technologies, hence reducing the efficiency and flexibility
of the process while increasing its material cost. Finally, dimensions
and possibilities in terms of shape-design are prescribed by the use
of an overhead crane.

« The D-Shape project [7], developed by Enrico Dini, is based on a 3DP-
like technology. A large-scale sand-bed locally solidified by deposition
of a binding agent, which is done using a printhead mounted on an
overhead crane. This is done sequentially layer by layer; once the
printing process is over, the printed piece is taken out of the sand
bed; the remaining sand can be readily reused in the process. Al-
though initially designed for the off-site production of panels as well
as structural elements with complex geometries, the D-Shape project
is currently aiming at demonstrating the feasibility of their process lo-
cally on-site, where only local construction material, i.e. sand, and
binder materials can be used.

Based upon an understanding of the limitations identified in the above
cited projects, the research project introduced in the present paper
deals with the large-scale additive manufacturing of selective deposi-
tion for ultra-high performance concrete (UHPC). The 3D involved
printing process is based on a FDM-like technique, in the sense that a
material is deposited layer by layer through an extrusion printhead.
The present work also explores the possibilities offered by computer-
aided design (CAD) and optimization, and their integration within the
product design process in the case of large-scale AM. Thus, the intro-
duced technology succeeds in solving many of the problems that can
be found in the literature. Most notably, the process introduced in the
present paper enables the production of 3D large-scale complex geom-
etries, without the use of temporary supports, as opposed to 2.5D exam-
ples found in the literature for concrete 3D printing. As a side remark, let
us emphasize that the examples presented in this paper are among the
largest 3D printed concrete parts ever produced. Multifunctionality en-
abled by arbitrary complex geometry is studied for a large-scale struc-
tural element. The research project presented in this paper was
designed upon the following challenge: developing a large-scale addi-
tive manufacturing technology capable of producing multifunctional
structural elements with increased performance. With this work, the
aim of the authors is also to take part in the redefinition of architecture
and design in the light of integral computation and fully automated
processes.

The paper is organized as follows. First, the design and processing
chain is described. The material considered for validating this new pro-
cess route is presented and tested in Section 3. In Section 4 examples of
complex shape structural elements produced with large-scale UHPC 3D
printing are given. The obtained results are discussed in Section 5, as
well as the techonolgy potential. Finally, in Section 6 a few concluding
remarks are drawn.

2. Processing setup
2.1. Computational design

Generating and modeling shapes for additive manufacturing has to
be done following specific sets of requirements, coming from both the
processing constraints, e.g. layer thickness, product dimensions, etc.,
and the functional properties of the produced part, e.g. mechanical
strength, thermal conductivity, etc. Both types of constraints will have
to be considered synergetically at three different time and spatial scales:
the material scale, the building path scale, and the global shape scale. In
the present work, the processing constraints consist mainly in
controling the rheology of the extruded paste and the setting kinetics
of the material in interaction with the continuous building path and

global shape of the object, e.g. a quickly setting mortar and/or a larger
global shape allows for faster building path for a given layer. Functional
requirements depend mostly on the properties of the hardened material
and the structural geometry for effective mechanical properties, as well
as other geometrically induced properties such as thermal insulation,
soundproofing, etc.

Various approaches can be adopted for generating the robotic build-
ing path. An usual and straightforward method for generating a building
path is to use a 3D-to-2D slicing software. It consists in slicing the 3D
shape of an object in flat thin layers of constant thickness which can
be layered one up onto the other. This results in a cantilever-method
strategy, as shown on Fig. 1 (left). Each layer is then made of a contour
line, as well as a filling pattern such as a honeycomb structure or a
space-filling curve (Peano curve, Hilbert curve, etc.); the filling density
can be adjusted for given requirements. This method is well-
established for small-scale AM and 3D printing polymer- or metal-
based processes. It is however not appropriate for large-scale AM
since it does not take into account the processing constraints and their
impact on the performance of the printed object. The building path
should be adapted and optimized based on simulation results in order
to take into account constraints and to exhibit more robustness for com-
plex geometries.

These drawbacks are avoided in the present work by relying on a dif-
ferent method for generating a building path. The tangential continuity
method (TCM) shown in Fig. 1 (right) is better for large-scale AM since
the building paths are actually 3-dimensional, i.e. made of non-planar
layers with locally varying thicknesses, hence better exploiting the geo-
metrical potentialities of 3D printing technologies. The obvious advan-
tage of such strategy is to keep contact surfaces constant between two
layers, hence avoiding the geometrical gaps between two layers which
often limit the possibilities of AM processes, most notably FDM and
powder-bed-based processes. The layered structures obtained using
the tangential continuity method can thus be mechanically loaded as
classical masonry vaults, i.e. in pure compression, perpendicularly to
the layer interface plane. Both methods are presented on Fig. 1: with
the cantilever method the heigth of layers (grey) is preserved but the
surface of contact varies (red), while the TCM preserves the surface of
contact (red) and changes the height of layers (grey). From a structural
mechanics viewpoint, the TCM yields more efficient and mechanically
sound constructions.

2.2. Controlling the 6-axis robotic arm and printing system

For spatial displacement, an industrial ABB 6620 6-axis robotic arm
was used. The remaining processing hardware parts were designed in-
house. It consists in a printhead mounted on the robot as well as two
peristaltic pumps, one for the premix and one for the accelerating

Fig. 1. Schematic cut perpendicular to layers 3D printed using the cantilever method
commonly found in commercial 2D slicing software (left) and the tangential continuity
method (right). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 2. Schematic of the 3D printing setup: 0. System command; 1. Robot controller; 2. Printing controller; 3. Robotic arm; 4. Printhead; 5. Accelerating agent; 6. Peristaltic pump for

accelering agent; 7. Peristaltic pump for premix; 8. Premix mixer; 9. 3D printed object.

agent, and a premix mixer, all three parts deported from the robotic arm
(see Fig. 2). Both pumps and the printead are controlled by an Arduino
Mega 2560 micro-controller through a program controlling the print-
head and pumps depending on the building path in order to deal with
emergency stops and additives dosage.

From the software viewpoint, the 3D printing system if fully con-
trolled via the Grasshopper/Rhino v.5.0 framework (McNeel, Seattle,
WA). The HAL plug-in [26] was used to control the robotic arm, while
the Firefly plug-in was used for interfacing the Arduino micro-
controller with Grasshopper and controlling the printhead.

2.3. Printing process

The 3D printing process developed consists of two steps. First, a mor-
tar premix prepared with a rheological behavior appropriate for
pumping, i.e. with a fine particle-size distribution, low critical shear
stress and slow hardening quality. The premix is kept in a shearing
mixer in order to avoid setting due to its thixotropic behavior. The pre-
mix is then conveyed using a peristaltic pump towards a mixing screw
located within the printhead. During this step, additives are dispersed
in the mix in order to accelerate the setting of mechanical properties
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just after extrusion. The width of extrudate considered in this work is
w=20 mm.

3. Materials characterisation

A novel premix of cementitious material was used in this work. This
material was specifically developed and supplied by LafargeHolcim for
this project, with requirements regarding its workability in order to ac-
celerate the printing process, and early age mechanical strength for
layer-by-layer build-up capability. The premix is composed of original
Portland cement CEM I 52.5N (30 —40%,,), crystalline silica (40 —
50%,,), silica fume (10%,,) and limestone filler (10%,,). Once mixed
with water in very small proportion (water/(cement + sand) mass
ratio, i.e. w/(c+s)=0.1), the material consists of an ultra-high
perfomance self-placing mortar paste, with an added gripping
polymer-based resin for enhancing the quality of interfaces between
printed layers, and an accelerating and thresholding agent in order to
obtain both the adequate rheology and a setting time compatible with
3D printing contingencies. It is worth noting that what is usually called
ultra-high performance concrete (UHPC) in the literature and the indus-
try, is not concrete per se, but rather a mortar paste with no coarse
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Fig. 3. Flexural stress vs. beam deflection for 4-point bending test on prismatic beams cut from 3D printed specimen.
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aggregates (@ > 4 mm), which is the usual criterion for defining con-
crete. Nevertheless, the mechanical and thermal performance of
UHPC, with or without reinforcements, is considerably superior to clas-
sical concrete. Mechanical characterisation was performed on
40x40x 160 mm prismatic samples cut from 3D printed specimen
which were cured at ambient temperature for 90 days. Flexural strength
J; was estimated from 4-point bending tests according to ASTM C1161
experimental protocol, as the maximum value for flexural stress oy ob-
tained following Eq. (1):

3R

= )

Oy

where F is the prescribed load and L the span between the supports, in
the case of a square beam section of side b.

Samples were specifically cut in order to align perpendicularly the
3D printed layer interfaces to loading direction, i.e. along the length of
the beam and horizontally with respect to the laboratory frame of refer-
ence. The span between the central supports was chosen to be 50 mm,
while the distance between the first and last supports was 100 mm.
The flexural stress vs. beam deflection results are presented in Fig. 3.
Two strain rates (1 and 5 mm/min) were considered in order to exhibit
the characteristic viscoelastic behavior of such cementitious materials.
Three prismatic samples were tested for estimating the flexural
strength. Failure of the mortar specimens took place within the pure
bending zone of the samples, but no effect of layer interfaces was ob-
served on the failure mechanisms.

The obtained value for flexural strength is 0f=14.3 4 2.6 MPa. The
compressive strength o can be estimated from the value of flexural
strength and w/(c + s) mass ratio of the mortar. In this work, the
ratio is very low (w/(c +s) =0.1), given the specific nature of the mate-
rial used. For such low w/(c + s) ratios, the typical flexural to compres-
sive strengths ratio is about 10% [22], hence yielding a conservative
estimate for o} higher than 120 MPa, given a sound and homogeneous
microstructure, which is similar although higher than what was obtain-
ed in the literature for a high-performance printing concrete [17]. This
high mechanical performance allows for the fabrication of slender
concrete-based structures, which is one of the main driving forces for
considering large-scale 3D printing as an attractive alternative to more
traditional methods such as casting.

4. Production of structural elements

As stated hereabove, the most attractive feature of 3D printing of
concrete is the ability to produce complex 3D shapes in comparison to
casting processes. In the field of architectural practice, a significant
gap exists between the major part of nowadays architects seeking for
lower cost, therefore resulting in simplistic and straight-shaped walls,
while the remaining few ones who work on projects less constrained fi-
nancially, can afford to design more complex forms, e.g. by designing
customized molds and formworks for one-time use, thus generating
large amounts of waste materials and unforeseen delays in the
construction process. 3D printing is a disruptive technology which of-
fers novel solutions that reconciliate non-standard shapes, and low
costs. The structural parts developed in this work are loudspeaking ex-
amples of what can be achieved using this technology, hence
pushing the boundaries of the design space available for engineers, ar-
chitects and designers. Targeting unprecedented efficiency and/or
multifunctionality through geometry can now be considered. Additional
functions can be embedded in the structural parts, i.e. not only mechan-
ical properties but also thermal insulation, soundproofing, etc. Two ex-
amples for large-scale application are presented in this paper, both
consisting of structural wall elements. Both cases are relevant examples
for demonstrating feasibility of the technology developed for applica-
tion in architecture and construction.

4.1. Multifunctional wall element

This element was designed within a context of structural rehabilita-
tion, starting from the damaged structure, i.e. one floor and its upper
level without any structural support. The element was designed with
the aim of optimizing what would become the external supporting
wall, as shown on Fig. 4.

The element consists in an absorptive formwork to be filled either
with ultra-high performance fibre-reinforced concrete on structural
parts or with an insulating material such as foam for thermal insulation.
Some parts are also left intentionally empty to be able to host pipes or
electrical wires. The formwork has two column-like parts, linked to
two straight plates in-between which waves a bi-sinusoidal shell.

Thermal insulation is an ever-increasing concern in construction;
while the conductivity of concrete is usually of the order of A=
1W.m ~ 'K ~!, the amount of heat flowing through the whole structural
element can be reduced by optimizing the geometry. The thermal insu-
lation efficiency of the wall lies in the reduction of thermal bridges. Be-
cause the total heat flux is proportional to the cross-section of the best
conducting material in the system, i.e. concrete, the target for
multiobjective optimization is to reduce the area of contact between
two sides of the wall while maintaining its structural performance. In-
deed, in the design considered, the only structural contacts are reduced
to a few points, hence limiting the overall heat transfer between inner
and outer faces. The shell considered is an egg-box, or 2D-sinusoidal,
surface with angular frequency parameter o such that its shape is de-
scribed by Eq. (4):

z = cos(mx) cos(wy). (2)

In order to formulate the thermal conduction problem, only a quar-
ter of the 2D-sinusoidal period is considered due to symmetries. As a
first-order approximation, this quarter of surface period is considered
as planar for the sake of simplicity, with boundary conditions T=1 for
z=1and T= —1 for z= — 1. Heat conservation is satisfied within
this plane, as expressed in Eq. (3).

V2T =0 3)

Fig. 4. Architectural context for the multifunctional wall element.
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Fig. 5. Schematic description of 2 different designs for the multifunctional wall: 2-D sinusoidal shell reinforcement with ponctual contacts (a) or straight vertical reinforcement with linear

contacts (b).

The total injected heat flux @ distributes equally in all directions

within the plane, implying a heat flux density d; written in Eq. (4) for
polar coordinates (r,c) and shell thickness w:

(4)

The radial component VT, of the thermal gradientﬁ T can be written
as Eq. (5) using Fourier's law, with e, the radial unit vector:
ber) = — B

VTr = (5)

> =

The temperature field of obtained by integrating Eq. (5) with respect
tor, as shown in Eq. (6) with the restriction that r#0, corresponding to a
singularity.

Inr
INTW + cst (6)

=—d-e
In order to avoid this situation, a non-zero radius of contact p is in-
troduced, representing the contact area in a more realistic manner.
The temperature field can thus be rewritten as Eq. (7) using the bound-
ary value T=1 for r<p.

Fig. 6. CAD model for the multifunctionnal wall (left) and the 3D printed high-performance concrete multifunctionnal wall (right).
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Fig. 7. Wireframe renderings of the continuous building path followed by the 6-axis robot while extruding UHPC for the multifunctionnal wall element.

For a distance I/4 corresponding to a quarter of the sinusoidal period,
T=0 because of boundary conditions. Hence, using Eq. (7), the expres-

sion of total thermal heat flux & can be deduced:
CB _ 2)\11\1/V2r (8)

ln4—p

The apparent thermal heat flux &* through the wall thickness t over
one period [ is given by Eq. (9) for a temperature variation AT and appar-
ent thermal conductivity K.

P
@ :@ - zzrtiifzkg 9)
4p

Hence, the ratio a =K/k is an estimate of the thermal insulation per-
formance for a given wall design, based on geometrical parameters only.
From Fig. 5 can be deduced the ratio a for the two wall designs consid-
ered. For the first case (cf. Fig. 5a), w=p=20 mm, t=170 mm,
[=272 mm, and 6=1/2t =53 deg., which yields a; = 11.8%. A second de-
sign with straight vertical reinforcements is shown in Fig. 5b. If one con-
siders, for the sake of comparison, the thermal insulation performance
at constant volume fraction of reinforcement, then a, = S/I> = 18.4%,
which corresponds to the volume fraction of reinforcement within the
wall, i.e. yielding an arithmetic average value for the apparent thermal
conductivity.

The performance gain P in thermal insulation through geometric op-
timization for the multifunctional wall by comparison to a classical de-
sign, is obtained as follows:

a

p=2"% _ 56y (10)
aq

Even by considering this simple first-order approximation, the re-
duction of thermal loss is tremendous, thus demonstrating the multi-
functional character of the wall design proposed. A gain in thermal
insulation performance of 56% was obtained in comparison to a classical
wall design, only by optimizing the geometry of the internal reinforce-
ment. Furthermore, the wavy shell is structurally efficient as it contains
straight bars that form a stable truss, suited to support loadings. Also,
the shell acts as a doubly-corrugated reinforcement, enhancing the flex-
ural rigidity of the structure, similarly to cardboard. The production of
the wall element took approximately 12 h (for 139 layers), its dimen-
sions are roughly 1360 mm x 1500 mm x 170 mm, with a weight ca.
450 kg; the final wall is shown in Fig. 6. The continuous building path

used for the production of this structural element is shown in Fig. 7.
The resulting element could have hardly been produced using any
other way, at least with any traditional or economically feasible process-
ing route, hence emphasizing the interest of 3D printing in the field of
construction. As a matter of fact, most of the production cost using the
present technology is ascribable to workforce salary, which is typical
of the construction industry. The CAD file representing this structural el-
ement is available with the online version of the present article as sup-
plementary material, it could be used as a benchmark for large-scale 3D
printing.

4.2. Acoustic damping wall element

Another example is the following element which was designed as a
generic element both structural and acoustic performance, to be assem-
bled alongside with others in order to form a complete wall. The differ-
ent hole geometries could provide enhanced soundproofing properties
to the element, by damping the acoustic waves passing through de-
pending on the geometry of the wall cells and material properties. The
produced element sizes roughly 650 mm x 650 mm x 300 mm and is
shown in Fig. 8. It was printed in 2 h (26 layers), orthogonally to the
plan of the wall in order to allow lace support.

Fig. 8. Concrete 3D printed acoustic damping wall element.


Image of Fig. 7
Image of Fig. 8

This is another example of what can be achieved using the technol-
ogy presented in this paper, in terms of geometrical complexity and in-
duced multifunctional properties.

5. Discussion

It was pointed out by [6] that the main interest for additive
manufacturing applied to large scale construction would be neither
speed nor cost, but rather an added value to the building element
performance, mostly thanks to a clever use of geometry. Our work
tries to address this geometrical challenge by understanding its cru-
cial relation to material behavior and printing process. Although the
early developments of large-scale cement-based AM processes have
been linked to the concept of freeform, it appears rather difficult to
separate each particular process from its reachable geometries. As a
matter of fact, the Contour Crafting process [14], while being quite
fast, is only limited to 2.5D extrusion shapes. The concrete printing
process, mostly addressed by the team at Loughborough University
[18], is conducted by a 3-axis deposition system that necessarily
lacks precision when it comes to printing elements away from
verticality. Our process achieves a new complexity for printable ob-
jects. The use of 6-axis industrial robot, enabled by the HAL Robotics
software [26], not only allows non-horizontal and non-straight
slicing of the printed object, but also eases the possibility of a true
implementation of such technologies in the building industry, for it
has not to be conducted with specifically developed machinery. The
new printed material, developed with LafargeHolcim, brings an effi-
ciency of fabrication speed and mechanical resistance never reached
in the existing large-scale concrete-based AM projects. The fact that
the material behavior at early and mature age influences the quality
of the deposition process and the overall properties of the object, as
well as the fact that the spatial disposition and morphology of inter-
faces between layers have an impact on the element behavior when
loaded, make the term freeform unsuitable for describing such ap-
proaches. The design of the multi-purpose wall presented in this
paper has not been conducted as a search for design freedom, but
as an integrative approach, which makes clever use of geometry, un-
derstood as the result of a series of heterogeneous constraints. These
constraints appear at each scale, from the complex structural build-
up of the mortar to the need for adequate thermal properties of the
full element. We believe we are at the beginning of a new under-
standing of geometrical design, enabled by such building processes,
just as the iron and steel industry brought tremendous changes in
construction during the second half of the XIXth century. The
classical distinction between material and structure is fading quickly
with AM techniques enabling the architecturation of materials at
multiple scales, hence providing structural effects at the material
level [2,4,5,15], as in the case of micro-architectured trusses [13],
fractal trusses [23], hierarchical honeycomb structures [1], or auxetic
materials [3,9-11]. From the viewpoint of construction and architec-
ture, the distinction is also vanishing; there is a need for a new
understanding of the concept of form, as an expression for the inter-
section of multiple flows of information [24] coming from the vari-
ous aspects of the studied system. In such an interdisciplinary
approach, the complexity and diversity of information is dealt with
by making use of form-finding methods, meta-heuristic optimiza-
tion algorithms and more conventional computational structural
analysis techniques [12]. The design can be extracted from the het-
erogeneity of material, structural and architectural constraints, im-
plemented in a computational modeling tool, which is fed and
optimized accordingly by experimental feedback. The freedom of de-
sign will come from multidisciplinarity, by assessing every aspect of
the engineering problem of interest, within a fruitful framework of
interaction between computational modeling, experimental insight,
and optimization.

6. Conclusions

Limitations of existing concrete-based AM projects have been
reviewed and a novel process was proposed accordingly in this paper.
The key characteristics of the present project can be summarized as
follows:

* The possibility of producing large-scale 3D printed structures without
temporary supports.

The use of the tangential continuity method for slicing, hence fully
exploiting the possibilities of 3D printing by creating layers with vary-
ing thickness, and resulting in, vault-like, mechanically sounder con-
structions from a structural viewpoint.

Relying on a generic 6-axis robotic arm instead of an overhead crane,
thus enabling geometrical complexity and total control through HAL
[26].

By enabling geometrical complexity, multifunctionality and structural
effects can be induced in the printed objects, as showed by the exam-
ples of application presented.

Further work will include the use of multiple materials within the
printing process in order to create gradients of material properties.
The idea of using geometry for inducing functionality within
structures will be studied further, as well as its relationship with the
constructive process in architectural practice. Computational optimi-
zation tools will be adapted for multi-scale considerations, hence en-
abling the architecturation of matter from the microstructural scale up
to the structural element scale.
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