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The ELEMENTerial research project focuses on the development of an innovative design and construction 
system for Cross-Laminated Timber (CLT) offcuts. CLT construction, while offering advantages for automation, 
raises concerns about offcut waste, which constitute 5-10% of the material production in Estonian CLT 
timber industry. This research highlights the importance of aligning timber construction with circular 
economy principles by effectively utilising offcuts. The study focuses on the development of a design method, 
creating a versatile and holistic construction system that breaks away from traditional orthogonal designs. 
Algorithmic tools are employed to streamline the design process and to help manage the complexities of 
working with smaller elements. The outcomes include a geometric strategy, offering variable configurations 
for assembly in walls, floors, ceilings and openings. The research demonstrates the potential to automate 
and pre-rationalise the design process, providing design freedom beyond orthogonal constraints and shell 
structures. The applications range from shelters to facade systems, building extensions to potentially large-
scale construction systems. This study offers environmental benefits and design flexibility in the construction 
industry. It holds a potential to guide the sector towards reduced waste and increased material efficiency, 
fostering sustainability and economic value from waste materials. The prospects for future research include 
further automation, refinement of connection details, and efficiency in production and material usage. 
Keywords: algorithmic design; CLT offcuts; modular construction; upcycling; timber prefabrication; 
circular design.

CLT construction can be considered less environmentally friendly than timber frame construction 
(Passarelli, 2018). At the same time it has many advantages for the automation of construction 
and a potential cascade use (Dammer et al., 2016). Its main advantages include the possibility 
of reducing elements, i.e. producing full wall sections, as well as constructing linear structural 
members, while being able to take loads in- and out-of-plane (Kurzinski, 2022; Popovski et al., 
2014; Schenk et al., 2022). This makes the material very versatile. Yet due to the possibility of 
producing entire wall and floor sections in a single piece 10-20% of offcuts can be produced 
during fabrication already (Graf, 2017). According to the project partner for this study – Arcwood 
by Peetri Puit – the offcut percentage fluctuates between 5-10%, yet their statistics are not com-
prehensive (Table 1). Two main directions can be identified in up-cycling CLT offcuts: the produc-
tion of new stock materials by cutting and joining, or using the material as-is for smaller scale 
construction elements.

Producing new stock material, meaning cutting offcuts down even further into more standardised 
pieces and joining them together into larger linear elements or producing new full sized plates, is 
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a commonly used approach (Casagrande et al., 2021; Graf et al., 2020; Recycled CLT 2022; Vessby 
et al. 2023). This process helps to reduce the environmental impact by creating new products from 
waste. Their economic value is only granted by the policy of moving towards more sustainable 
construction.

Using the material as-is for smaller scale construction elements creates more challenges. 
Self-builders can use offcuts to construct one-off structures as avoiding production cost makes 
the lower price of the secondary material economically attractive. Looking at a wider applicability 
some studies have been made looking into automation and design for manufacture (DfM) for 
structures that take advantage of smaller panel sizes. Here value is created through design in ad-
dition to lowering the environmental impact. These studies are still mainly concentrated on one-off 
designs for domes and other types of single enclosure systems (Adelzadeh et al., 2023; Menges 
et al., 2015; Robeller and Von Haaren 2020). This study set as its aim to develop a design method 
that makes use of the small scale of the offcut elements to produce a holistic construction system 
with a formal flexibility beyond the orthogonal in a systematic way that is mass producible – max-
imising formal flexibility and adaptability of the structure while minimising the complexity  on the 
element level. Customisation has to happen in the configuration of elements, not the elements 
themselves. To manage the increased complexity of constructing with smaller elements, algorith-
mic tools were developed to automate the DfM process

This is a creative research study using methods common to contemporary architectural research 
and practice. It consists of literature surveys on research into CLT construction, more specifically 
into the use of CLT offcuts, standardisation and automation in the architectural design process, 
with the focus on methods for systematically structuring spatial aggregations, space filling geom-
etries and lattice structures as well as algorithmic tools for design automation. The potential of 
CLT offcuts was mapped in the Estonian timber industry by analysing the offcut ratio to overall CLT 
production and the geometric characteristics of the offcuts.

An experimental development was carried out based on the results of the surveys. An algorithmic 
tool was created to automate the design process and evaluate the outcomes on functionality, 
structural behaviour, and aesthetic appeal. The development was concluded with the construction 
of a demonstrator in the form of a small-scale shelter structure. Although as an object it is whole, 
it  is considered as a construction system that can be extended and adapted to any regular spatial 
structure – creating moments of higher articulation in otherwise straight forward structural sys-
tems. In order to achieve this a geometric design method has been developed that is adaptable 
in scale and is endlessly space-filling in its topology. The method unifies the part and the whole 
into a coherent design system to incorporate the varying element size of offcuts and possibility to 
adapt to various spatial building grids. This way the proposed construction system can be used as 
standalone or in particular building elements in multi-storey buildings e.g. facade systems.

Mapping the potential of industry residues
Mass timber products, such as CLT, have broadened the possibilities and increased the amount of 
material used in large scale timber construction in recent decades. Even though offsite construc-
tion has made timber construction more precise, material efficient and faster, contemporary tim-
ber construction is currently not aligned with circular economy principles (Cristescu et al., 2020). 
The Estonian timber industry has developed greatly in recent decades, constituting the primary 
export commodity, with figures reaching up to 9,5 million cubic metres (Kobuszynska, 2016). As 
indicated by the largest Estonian CLT producer Arcwood, whose annual production is up to 17 000 
cubic metres, the CLT offcuts make up 5-10% of the overall material production. 

Lansink’s ladder of waste hierarchy suggests a waste prevention and re-use of products as the 
highest rank of material use (Lansink, 2018). The current ELEMENTerial study proposes primarily 
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a reuse method for the offcuts. The future outlook of this research is to arrive at a waste preven-
tion, a zero-waste construction system for large scale multi storey buildings including a structural 
facade system (Jõpiselg 2022). The by-products of the CLT fabrication process are too small for 
regular timber construction applications (Adelzadeh et al., 2023), thus the construction system in-
troduced in this research is intended for moments of higher articulation within building structures, 
exemplified by a shelter structure.

Fig. 1
Arcwood CLT offcuts 
in Põlva factory, the 

door shape offcuts in 
size of approximately 

800*2000mm
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Fig. 1.  Arcwood CLT offcuts in Põlva factory, the door shape offcuts in size of approximately 

800*2000mm. 

The study at hand is based on the CLT offcuts, mostly in the scale of doors and windows, from Arcwood 

factory (Fig. 1). Mapping the Arcwood CLT industry, the analysis of leftovers compared 2 large scale 

buildings, taking into account the gross and net volumes of the used material (Table 1). The material 

thickness ranges from 60-140 mm, most commonly 100 and 120 mm and 5 layers. The most prevalent 

shape is rectangular, the offcut doors and windows, commonly in a size of approximately 800x2000 mm. 

Table 1.  Arcwood building projects, offcuts ranging from 6-7% of the overall CLT volume 

Item Gross volume (m3) Net volume (m3) Offcuts (%) 

Rae Sportshall 698 656 6,0 

Rae high school 1482 1383 6,7 
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Arcwood factory (Fig. 1). Mapping the Arcwood CLT industry, the analysis of leftovers compared 2 
large scale buildings, taking into account the gross and net volumes of the used material (Table 1). 
The material thickness ranges from 60-140 mm, most commonly 100 and 120 mm and 5 layers. 
The most prevalent shape is rectangular, the offcut doors and windows, commonly in a size of 
approximately 800x2000 mm.

Table 1
Arcwood building 
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Item Gross volume (m3) Net volume (m3) Offcuts (%)
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Development of geometric strategy
The utilisation of small-scale CLT elements has been a subject of continuous exploration in recent 
years. When working with small scale building elements, a prevalent strand of inquiry is into 
geometrically complex shell structures, such as ICD/ITKE Research Pavilion 2011 (Knippers et 
al., 2015), folded-plate arch prototype (Robeller et al., 2015), Landesgartenschau Exhibition Hall 
(Menges et al. 2015), or Buga pavilion (Bechert et al., 2021). Mostly these projects abide by the 
digital industry ideology of mass customisation, neglecting the economy of scale. Furthermore, 
they mainly concentrate on double-curved shell structures. 

The study at hand takes a different approach: looking at space-filling regular structures. Standard-
isation and automation of design in architecture often involves the utilisation of geometric grids, 
which facilitate precision and efficiency in the design process. Using orthogonal grids, the simplest 
way of distributing elements in space is translation and orientation. The aforementioned exam-
ples use more complex transformations, resulting in infinitesimal variation in elements. In design 
development these variations are often rationalised, reduced and simplified within some set toler-
ance to meet stock material sizes, fabrication limitations etc. The proposed method pre-rationa-
lises sketch geometry to fit the developed construction system (Fig. 2).
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Using grids to systematise the design process has a long history in architecture. In the context of 
this study some examples are of particular interest. Jean-Nicolas-Louis Durand with his devised 
method systematised architectural drawings turning architecture into a configurable modular 
typology (Picon, 2000). A similar rigour of abstraction can be seen in Konrad Wachsmann and 
Walter Gropius’ General Panel System, where the systematic design of buildings was linked with 
the production of a specific construction system. Although the rationale of unifying design and 
manufacture is a positive development towards more efficiency in construction, the specificity and 
precision of the system was also one of the reasons for its economic failure (Gropius & Wachs-
mann, 2021). A step even further in generalising architectural design can be seen in Buckminster 
Fuller patented Octetruss – a mass producible construction system for any building. The system 
does not differentiate structural systems: walls, floors, enclosures, can all be constructed using 
the same elements (Fuller, 1970).

All regular space filling structures can be related to subdivisions of a cubic lattice. In crystallography 
cubic lattices are subdivided into base-centred, body-centred, and face-centred (Chanda, 1979).  
Space filling platonic solids add additional vertices to the system, but they are still what  
Eckhard Schulze-Fielitz calls intracubic (Fiel, 2020, p. 364). In a cube there are three possibilities 
for connecting vertices: along edges, along face diagonals or along the long diagonals. These 
vectors define three types of planes in the subdivision of the cube. These also correspond to the 
Miller indexes (Sun, 2020). The first ones are parallel to the faces in 3 directions, with a square 
intersection, the second type divides the cube into two equal triangular prisms in 6 directions 
(three orthogonal pairs) with a rectangular section, the third type divides the cube into three 
slices along the long diagonals in 4 directions with equilateral triangular intersections. Eckhard 
Schulze-Fielitz called these the ɑ-, ɣ-, and ꞵ-positions respectively (Fiel, 2020, p. 374). Introduc-
ing these planes into the system increases the possibility of creating planes from 3 to 13, while 
retaining a cubic symmetry. 

For the shelter structure the ꞵ-position of the grid was used. Only the planes orthogonal to the 
long axes of the cube were used. This means all the elements of the system are multiples of 
equilateral triangles, with all edges being multiples of the triangle edge and panel widths corre-
sponding to the height of the triangle. The height of the grid cell in the ꞵ-position is defined by the 
height of the tetrahedron. The base measure was derived from the plate thickness of 100 mm. At 
the moment of production the most common offcuts were 800x2000 mm. While the thickness of 
the material corresponds to the height of the tetrahedron, the width of the panel is determined by 
the height of the face:
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where: h - height of face, module for the panel with; H - height of tetrahedron, corresponding to 
panel thickness.
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The diagonal cut is performed in the middle of the offcuts and the panels rejoined along the per-
pendicular end. The resulting panel can be made into either a parallelogram or a trapezoid by 
rotating one of the pieces 180° along the longitudinal axis (Fig. 4).

Fig. 3
The standard cross-
section of the panel
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The diagonal cut is performed in the middle of the offcuts and the panels rejoined along the perpendicular 

end. The resulting panel can be made into either a parallelogram or a trapezoid by rotating one of the 

pieces 180° along the longitudinal axis (Fig. 4). 

      
Fig. 4.  Creating parallelogram and trapezoid shaped elements from most common offcuts. 

 

Design automation 

The process of design is made intuitive by algorithmic tools developed on the visual programming 

platform Rhino Grasshopper. Based on the selected spatial structure, its scale and orientation in space, 

any 3D geometry can be approximated within the grid. This allows for quick 3D sketching, while 

simultaneously generating the pre-rationalised, modulated version of the geometry (Fig. 5). The 

orientation of the grid has a substantial effect on the articulation of the end result. Due to the fact that a 

cubic translation can be used for the aforementioned space filling geometries, voxelisation can be used 

as the initial approximation process instead of creating large amounts of tetrahedral solids from the start. 

 

Fig. 5.  Design exploration for variable assemblies of the designed panels from offcuts 

While the first part of the algorithm produces the overall geometry, additional levels of organisation are 

built upon the basic structure. To create construction elements or panelisations, rule sets are developed 
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While the first part of the algorithm produces the overall geom-
etry, additional levels of organisation are built upon the basic 
structure. To create construction elements or panelisations, 
rule sets are developed to sort and group grid cells to produce 
panels. The simplest proof of concept for this type of variable 
based sorting is the longest linear element script, that looks for 
longest straight axes within the grid and joins the intersecting 
cells into a linear member. Doing this iteratively for all the cells 
results in a hierarchical structure (Fig. 6). Structural evaluation 
could be used to create a similar sorting based on structural 
performance, but has not been tested yet.

Fig. 6
Modulation of a sphere 
using the Tetrahedral-
octahedral grid in the 
ꞵ-position and the longest 
linear element algorithm 
to join cells into linear 
volumes
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to create standard 
end elements and 
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extension elements 
resulting in 3 piece panels. 
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rigidity a 2 piece solution 
was developed
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Evaluation of structure and joinery

The characterisation of the CLT element modules had to allow for reconfiguration into various 
design solutions (Fig. 8), which necessitated the joint to be symmetrical. The connection system 
consists of grooves on all edges of the element and a concealed spline joint was introduced, which 
is a symmetrical alternative to the tongue-and-groove. The groove in the edge of the panel can be 
cut without needing to flip the panel over in the shop, and there is no reduction in effective panel 
width.(DeStefano, 2019). For fixings, plywood profiles were introduced, fastened with stainless 
steel screws (Fig 3).

As a result of this research an understanding of the amount and nature of CLT offcuts was achieved 
as well as an overview of the state-of-the-art in dealing with this secondary material resource. 
Based on the findings a strategy was developed to achieve a systemic approach for maximising 
value production to avoid offcuts’ channelling into energy production and instead achieving long 
time carbon storage in a circular construction system.

Developing the geometric system for this study resulted in a method that can be extended 
from residues to design with new materials, as the system allows for systemic inclusion of ad-
ditional orientation planes within a standardised construction system. Due to the versatility 
of CLT and contemporary ubiquitous automated production lines, the system is rather a de-
scription of a method than a panel system, hopefully avoiding the pitfalls of prominent pre-
decessors like the General Panel System. Similar to the octetruss the system avoids the idio-

Results: 
Design and 
Construction 
System from 
CLT offcuts
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syncrasies of structural elements like walls, floors and ceiling, treating everything the same. To 
deal with this complexity algorithmic tools for sorting, analysis and optimisation were used. 
Further design strategies need to be developed for it to become a comprehensive design tool. 
The experimental development component of the research was concluded with the construction of 
a demonstrator in the form of a small-scale shelter structure. The initial panelling was optimised, 
reducing the panel components from 3 pieces to 2. Additionally the structure was made more stiff by 
adding elements to remove cantilevers. The whole structure consists of 16 two part panels, 5 single 
part panels, and 3 additional narrower elements to construct the bench – 40 CLT parts in total (Fig. 9).

Fig. 9
The 37 elements laid out 

as pairs to be cut out 
from rectangular pieces. 

All elements with the 
standard width of 778 mm. 

Excluding the 3 non-
standard elements for the 

bench
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Fig. 9. The 37 elements laid out as pairs to be cut out from rectangular pieces. All elements with the 

standard width of 778 mm. Excluding the 3 non-standard elements for the bench. 

To illustrate the design for disassembly component of the research the shelter was initially constructed 

indoors (Fig. 10) and reassembled outdoors a few months later after treating it with colourless wood 

impregnation from the inside. The outside was charred and the joints filled with bitumen based sealant 

(Fig. 11). 

 

Fig. 10. Case study for the Arcwood CLT cutoffs in the Estonian Academy of Arts gallery. Winter 2020. 

Photo: Johan Huimerind. 

To illustrate the design for disassembly component of the research the shelter was initially con-
structed indoors (Fig. 10) and reassembled outdoors a few months later after treating it with 
colourless wood impregnation from the inside. The outside was charred and the joints filled with 
bitumen based sealant (Fig. 11).
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Fig. 11. ELEMENTerial station in front of Estonian Academy of Arts. Winter 2021. Photo: Arno Mikkor. 

The results of the research allow to automate and pre-rationalise the design process of prefabricated 

timber buildings with articulations beyond the orthogonal. Possible application areas include facade 

systems, entrances, horizontal and vertical extensions, and larger gathering spaces in public buildings to 

name a few. 

 

Conclusions 

The implications of this study on the environmental impact of CLT construction go beyond dealing with 

offcuts which, according to various sources constitute 5-20% of the produced material. The developed 

method can be used to produce building elements from standardised panels rather than creating offcuts 

by cutting out entire sections of walls. Just as well, this method can be used in combination, using the 

offcuts within the same project. Furthermore the standardised panels can be disassembled and 

reconfigured into new designs, contributing to the circular economy. 

The economic implications could be realised on the side of the producer or the client likewise as the 

offcuts are already paid for by the client, making use of them, gets the client more for their money. 

Developing new products that make use of residues, could turn waste into resources at the same time. 

According to Arcwood by Peetri Puit export manager Raido Peedomaa CLT offcuts are sold at a quarter 

of the original price, which leaves ample room for additional processing cost to be economically viable. 

The results of the research allow to automate and pre-rationalise the design process of prefab-
ricated timber buildings with articulations beyond the orthogonal. Possible application areas in-
clude facade systems, entrances, horizontal and vertical extensions, and larger gathering spaces 
in public buildings to name a few.
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The implications of this study on the environmental impact of CLT construction go beyond dealing 
with offcuts which, according to various sources constitute 5-20% of the produced material. The 
developed method can be used to produce building elements from standardised panels rather 
than creating offcuts by cutting out entire sections of walls. Just as well, this method can be used 
in combination, using the offcuts within the same project. Furthermore the standardised panels 
can be disassembled and reconfigured into new designs, contributing to the circular economy.

The economic implications could be realised on the side of the producer or the client likewise as the 
offcuts are already paid for by the client, making use of them, gets the client more for their money. 
Developing new products that make use of residues, could turn waste into resources at the same time. 
According to Arcwood by Peetri Puit export manager Raido Peedomaa CLT offcuts are sold at a quarter 
of the original price, which leaves ample room for additional processing cost to be economically viable.

The research outcomes can be applied in different scenarios, including standalone structures or 
building elements in multi-storey buildings, such as facade systems. Compared to previous stud-
ies, the proposed system has advantages in design freedom of the overall geometry, accompa-
nied by automated algorithmic design and fabrication methods suitable for mass production.

The future challenges and limitations of this system lie in the further automation of the design 
and manufacturing process and further development of the connection details, in order to simplify 
assembly and improve rigidity. The research has a high potential for introducing zero-waste and 
circular economy methods into CLT construction while increasing design efficiency and freedom.
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