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Abstract. This paper presents a novel approach to computationally 
designed and robotically assembled modular timber-only structures 
with traditional wood joinery methods. We geometrically adapt and 
parametrize five traditional joint typologies to compensate for robotic 
placement inaccuracies and comply with modern structural 
requirements. The force-locking capacity of the connections is utilised 
to support the robotic assembly of five unique timber frame modules of 
5.5 by 2.2 by 2.5 metres, each with a unique timber lattice pattern. For 
each major joint typology we conduct a series of structural load-tests to 
evaluate the structural performance. We develop a custom software to 
enable architects and engineers to interactively design with those 
principles, taking into account both structural and production feasibility 
constraints. As a demonstration of our design approach, the five 
modules were robotically assembled using the described methods. 

Keywords.  Robotic Assembly; Wood Joints; Spatial Timber 
Structures; Timber-only; SDG 9; SDG 11; SDG 12. 

1. Introduction 

Timber construction plays a critical role in pursuing a more sustainable alternative to 
carbon-intensive concrete and steel buildings (Herzog et al., 2003). Recent advances in 
the timber industry as well as updates to building codes have enabled architects and 
engineers to design and construct multi-storey buildings, but these designs focus 
mostly on light wood stud framing or mass timber construction methodologies, such 
as cross-laminated timber (CLT) panels (Deplazes, 2000). In contrast, traditional 
timber framing and wood joints, which were widely applied construction methods in 
Europe between the 6th and 19th century and have a long tradition in Japan (Togashi, 
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2013), are rarely applied despite their ingenuity, durability and in these regions, cultural 
embedding.  

This paper presents an approach to rejuvenating traditional timber frame 
construction methods through computational design and robotic fabrication – 
positioning it as an alternative to mass timber construction or light wood stud framing. 
Here we analyse and digitally adapt five major traditional wood joints within the 
architectural design context of a three-storey timber lattice structure focusing on and 
expanding the following research topics:   

● Design parametrization of traditional wood joints. The complexity of timber 
connections varies from simple butt joints to geometrically complex scarf joints 
composed of multiple subparts, like wedges and dowels. Nowadays only a limited 
number of timber connection types and parametrization functionalities are available 
in common timber CAD software’s like Cadwork or SEMA. It is hardly possible to 
define parametric interdependencies of timber connections composed of multiple 
parts. 

● Robotic assembly of geometrically complex wood joints. The assembly of wood 
joints requires high accuracy in machining and in assembly. Traditionally they were 
handcrafted and manually assembled by the builder on site in an iterative fitting 
process. While nowadays the Computer Numerical Control (CNC) machining of 
the individual parts is sufficiently accurate, robotic assembly on large scale 
structures can still only achieve low positioning accuracy, especially in a non-
repetitive placement process (Stadelmann et al., 2019). 

● Structural evaluation of traditional wood joints. Traditional wood joints greatly 
influence the performance of the whole structure. The evaluation of their capacity 
(strength and stiffness) remains a big challenge. There is little scientific data on, or 
knowledge of their structural behaviour and performance (Japanese Guidelines for 
timber-timber connections), although historical European and Asian timber-only 
constructions like the Hōryūji temple (built in 747) showcase the durability and 
structural integrity of the building method. 

2. State of the Art 

Today's timber construction methods are mainly classified into light wood stud 
framing, glue-laminated timber (i.e. glulam), traditional heavy timber, and construction 
methods using mass timber such as CLT or dowel-laminated timber (DLT). Wood 
frame construction elements usually consist of a simple timber frame with braces or 
plates for lateral stiffness. Screws, nails and other metal connectors join the different 
layers and materials into one almost inseparable component making the recycling 
process cumbersome. Mass timber methods involve fitting CLT plates or dimensional 
lumber into a solid timber wall or ceiling component, e.g. a board plywood deck or a 
board stack wall (Herzog et al., 2003). Yet in a large and upscaling market the material 
demand of solid timber buildings will quickly exceed the supply of sustainably sourced 
timber (Kromoser et al., 2021). Thus material-efficient, optimised timber structures are 
required to avoid exploitation of natural resources.  

Current building code standards (such as Eurocode 5 and The Building Standard 
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Law of Japan) offer little guidance for engineers and architects on how to design with 
traditional timber-only joints in practice. For structural analysis, connections between 
timber parts are abstracted into simple geometries (e.g. contact areas), which are then 
calculated by hand. 

Limited research has been conducted on the spatial robotic assembly of wood 
joints. Apolinarska et al. (2020) utilised reinforcement learning models to control the 
robotic assembly of tight fit timber joints. However, their method only demonstrated 
the assembly of a few small sized elements with a simple lap joint geometry. Leung et 
al. (2021) used distributed high force clamps to assemble structures also with simple 
tight-fitting lap joints. 

3. Modern Timber-only Connections 

In contrast, the authors tackle the challenge of robotic placement inaccuracies by 
introducing CNC-milled geometric guiding features, which render special robotic tools 
obsolete. In addition the developed wood joints fulfil the structural and legal 
requirements of a three-storey timber lattice frame structure in Japan and Switzerland. 

First, the traditional joint geometry was refined based on the expertise of roboticists 
and engineers. Second, tapering and chamfering (Figure 1) were included at the 
engaging edges of the joint to guide the robotic insertion process. Third, the density 
and layout of the diagonal lattice members was modified until the structure met the 
required joint strength and stiffness. The parametrization of the timber joint geometry 
allows us to vary the joint incident angles within a given range, thus giving the designer 
more freedom in designing the timber lattice layout. 

Our ambition was to not use any adhesives. However, due to regulatory 
requirements regarding the long-term durability of the joint's outdoor weather 
exposure, epoxy glue has been applied to certain joint faces to guarantee compliance 
with the Japanese Building Code for structures. 

3.1. JOINT TYPOLOGIES 

In total our structure is composed of five unique modules (Figure 2f). Figure 1 
exemplifies the location of each joint typology in a module. 

● Tapered dovetailed lap joint for diagonal members’ ends (Joint 1, Figure 1a). 
This connection type is called ‘ari-tsugi’ in Japan and has been used since ancient 
times. The dovetailed end allows the connection to transfer high compression and 
tension forces to the lower and upper chords. The dovetail is tapered to compensate 
for the robotic placement inaccuracy. The oak dowel locks the position of the 
connection. 

● Dovetailed joint for hanging floor and ceiling joists (Joint 2, Figure 1b) is a 
standard European dovetail connection in floor and ceiling joists with variable 
connection angles and a chamfer of 5 mm at the engaging edge. 

● Tabled splice joint for intermodule diagonals (Joint 3, Figure 1c). This 
connection originates from the European ‘Hackenblatt,’ similar to the traditional 
Japanese ‘kanawa-tsugi’ or ‘okkake-daisen-tsugi,’ and connects two or three 
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collinear and coplanar diagonals spanning through multiple modules (Figure 2e). It 
consists of a connecting timber plate, six alternating dowels, and four wedges. After 
the plate has been placed, wedges are put in place to ensure contact pressure. 

● Corner lap joint for lower and upper chords (Joint 4, Figure 1d). The corner 
lap joint originates from the European ‘Eckblatt’, which is still a widely used corner 
connection for floor and ceiling joists that end at 90°. In order to improve the 
resistance against cross-sectional forces, the mating sides are interlocked. 

● Cross lap joint for crossing-diagonals (Joint 5, Figure 1e). Standard half-lap 
joint, which is reduced from ½ to ¼ of the cross-section height to maintain the 
structural capacity of the member. Known as ‘ai-kaki’ in Japanese. This joint 
connects two intersecting diagonals at various angles. 

Figure 1. Exploded visualisation of one timber module showing the joint typologies 1-5 applied in 
one module (above) and their parametric variations (below) 

4. Computational Design and Fabrication Framework 

The volumetric starting point is a rectangular parallelepiped module of 5.5 by 2.2 by 
2.5 metres (Figure 2b) designed to fit in standard 40’ high cube containers. The 
topology of the timber lattice is initially drawn by the architect (Figure 2d). To reduce 
buckling behaviour, the diagonals need to intersect at least one or multiple other 
diagonals. Extended intermodular diagonals are added to ensure the structural integrity 
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of the aggregation of the different modules (Figure 2e). 

4.1. INTERACTIVE COMPUTATIONAL DESIGN 

The overall parametric design was generated with a custom Grasshopper/ Python script 
within the CAD software Rhinoceros 6. The design tool allows the designer to input 
boxes as volumetric envelopes of each module, and lines representing the timber lattice 
elements. 

Figure 2. Computational design data structure 

Lines are classified according to the surface topology (wall, ceiling, floor), which 
allows elements to be generated automatically (joist, diagonal, chord). In this process 
global parameters, such as the timber element cross-sections and the dowel diameters, 
are predefined and applied to the specific type of elements.  

Lines intersections define the resulting joint type (e.g. when two lines of the type 
diagonal meet, Joint 5 is geometrically generated by the element intersections). 

The data structure of the lattice (Figure 2d) uses functionalities of the COMPAS 
framework (Mele et al., 2017), such as the network class where edges represent lattice 
elements and nodes represent their connections. The network and its associated 
information also serve as a serializable unified model, which through custom 
implementation is exported to structural engineering software. 

The wood joint geometries are parametrically generated (Figure 2g) by subtractive 
boolean operations. The structurally constraining parameters of each connection, such 
as the distance between the dowel drill holes or the notch depth, are predefined. The 
connecting lines meeting angle is the most impactful parameter (Figure 1a-e). 

4.1.1. Interactive Design and Structural Feedback 

Timber-only connections require a minimum distance between their notches to allow 
forces to flow through the member. The notch depth and distance is derived from the 
dowel diameter: neighbouring diagonals minimum distance = notch depth*7; notch 
depth = dowel diameter*2. 

The design tool colour-codes structural members to illustrate the distance between 
diagonal joints, which provides real-time feedback about the fulfilment of 
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requirements. The feedback is indicated in Figure 2a as a green rectangular surface 
which turns red when the requirement is not met. Using this information, the user can 
interactively adjust the input lines. 

4.2. ROBOTIC FABRICATION SIMULATION AND MOTION PATH PLAN-
NING 

The computational design model also embeds information required for the robotic 
assembly. This includes the assembly sequence, element gripping poses, insertion 
vectors, and inputs for the robotic motion planning solver. 

The robotic assembly sequence is manually evaluated and defined, taking into 
account the multi-robot collaborative assembly strategy. Based on the given sequence, 
collision-free gripping poses and insertion vectors are automatically computed for each 
assembly element. Path-planning, both for placing and retraction motion paths, was 
carried out using COMPAS FAB (Rust et al., 2018), relying on MoveIt as backend. 
The robotic set-up, consisting of an external overhead gantry system and two robots, 
was described as a Unified Robot Description Model (URDF) and implemented as part 
of the MoveIt package. To enhance the speed and success rate of the robotic motion 
planning, the user can input in-between robot configurations to guide and speed up path 
planning computation for hard-to-reach targets (Figure 3c). The kinematic paths are 
pre-computed and executable on the real robot exploiting the COMPAS RRC 
(Fleischmann et al., 2020) communication library. 

5. Robotic Fabrication of Timber Modules 

The fabrication process was subdivided into six steps: (1) manually placing a member 
on the pick up station, (2) robotic pick-up of the member, (3) robotically manoeuvring 
the member to the insertion position, (4) robotic insertion of the member in its final 
position, (5) manually inserting the dowel and applying epoxy (optional) and (6) 
retracting the robot from the insertion position. Each module has 52-57 members, 107-
143 dowels and was assembled in an average time of under 48 work hours. 

5.1. ROBOTIC ASSEMBLY PROCESS 
The assembly strategy (Figure 3) is derived from (1) the interlocking connectivity and 
(2) the interdependencies between the collaborating robots. 

The floor joists are simultaneously assembled by both robots to speed up the 
assembly process. The dovetail connection is designed to force (pull/ push) the lower 
chord into position, helping to accommodate the tolerances. 

The long side wall segments (Figure 3g-h) are assembled collaboratively by the 
two robots: one robot supports the upper chord while the other is placing the diagonal 
chords (Figure 3a-b). After the first diagonal layer is completed, the robots switch their 
assembly tasks. After completion, the interlocking joints allow the wall to stand upright 
without additional support. 

All diagonals of the short side walls are positioned by one robot from one side. 
The motion planning of the members is particularly challenging due to the limited 
manoeuvrability of the robot in between the two long walls and the complex rotational 

116



ROBOTIC ASSEMBLY OF MODULAR MULTI-STOREY 
TIMBER-ONLY FRAME STRUCTURES USING 

TRADITIONAL WOOD JOINERY 

insertion movements of the arm. 
The ceiling joists were simultaneously assembled by both robots moving at the 

same time to speed up the fabrication process. Both the dense lattice layout and the 
half-lap joints reduced the number of feasible gripping poses. 

Figure 3. (a) Robot placing beam. (b) Robot supporting structure. (c) Intermediate robot 
configuration. (d) Pick-up stations. (e) Reference pin. (f) Absolute correction system. (g) Outer 

diagonal layer. (h) Inner diagonal layer.  

6. Structural Analysis 

Timber frame structures are dynamic spring-loaded structures that continuously adjust 
to the current load situation, i.e. wind from different sides. It is important to allow the 
joints to move slightly and adjust to the different load direction so as to not overstress 
a single member. Therefore, all joints have a gap of 0.5 mm to ensure this spring 
flexibility. The location of the continuous braces (Figure 2e) connecting the different 
modules are determined through semi-parametric structural analyses aiming to balance 
the member and joint stresses. The structural analysis model description was performed 
with the software SNAP 8.0. 

6.1. STRUCTURAL EVALUATION OF WOOD JOINTS 

The member stresses are primarily determined by the design forces, which are self-
weight (ca. 700 kg per module), wind (wind speed 34m/s) and seismic force (seismic 
shear coefficient 0.5). Applying traditional joints to the structural system involves 
several structural engineering challenges: (1) traditional interlocking joints have 
elaborate details, which result in complicated load transfer mechanisms, (2) the design 
methods in calculation are not clearly stated in structural engineering guidelines, and 
(3) the robotic fabrication requires additional gaps among the surfaces of interlocking 
joints. To overcome these challenges, the authors decided to adopt performance-based 
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approaches in structural engineering and conduct experimental studies to evaluate joint 
strengths and stiffnesses. 

6.2. STRUCTURAL LOAD TESTS 

To evaluate the joint strength and stiffness of the connections, load tests have been 
conducted on six specimens of each of the three major joint typologies, Joint 1-3. 

6.2.1. Description of Test Set-Up 

The test for the tensile performance of the joints is conducted using two different 
methods of force application. In the first test, we examine Joint 1 and Joint 2 (Figure 
4). Here, the tensile performance of joints can be examined by anchoring the transverse 
members to the steel frame and pulling the longitudinal members with the hydraulic 
jack. In the second test, we examine Joint 3. In the experiment, the lower part of the 
longitudinal member is fixed to the frame, and the upper part is pulled by the hydraulic 
jack (Figure 4). 

Figure 4. (a) Specimen. (b) Hydraulic jack. (c) Clamp for lateral guidance. (d) Clamp. (e) 
Displacement gage. (f) Sensor reference. 

6.2.2. Summary of results  

Figure 5a-c show the load-displacement relationship and Figure 5d-h the failure 
patterns of each joint. 

In Joint 1 the relation between load and displacement was generally the same 
among the specimens. However, the initial stiffness of specimens 1 to 3 was low and 
became high in the middle. Since there was no visual change in the surface of the 
specimen when the stiffness changed, it is inferred that there were gaps inside the 
specimen, and the stiffness increased as the gaps closed due to the joint deformation. 
Although the maximum tensile capacity of specimen 1 was lower than that of the 
others, the breakage was the same as that of the other specimens, which is attributed to 
variation in material characteristics. 

In Joint 2 the maximum tensile capacity varied greatly among the specimens and 
various joint failure patterns were observed. In particular, the specimen with the lowest 
bearing capacity showed early cracking on the back of the transverse material, which 
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is attributed to variation in material characteristics. 
In Joint 3 the load-displacement relationship showed generally the same behaviour 

among all specimens. However, the maximum tensile capacity of specimen 1 was 
lower than that of the other specimens. In Joint 3, adhesive was applied to the joint 
surface of the longitudinal material and the joint plate. In specimen 1, gaps in the joint 
surface were observed from the initial loading stage, which was attributed to the peel-
off of adhesive in the early loading stage. The specimens without gaps were generally 
stable until the final stage, and the fracture was caused by cracks in the base member 
and wedge at the end. 

Figure 5. Load/displacement graph of six specimens for each joint typology (a-c). Images of failure 
at the end-state of Joint 1-3 (d-h) 

In general, the test results showed similar structural behaviour in all joint 
specimens. However, the performance of some specimens in all joints was lower due 
to the tolerance gaps that were needed to compensate for robotic fabrication and 
construction tolerances. In accordance with these findings, the safety factor on the 
member calculation is to be defined based on experimental results. 

7. Conclusion and Outlook 

The research demonstrates how traditional knowledge about timber joints can be 
combined with interactive computational design, structural analysis, and digital/robotic 
fabrication methods to achieve high-performance timber constructions. We have 
demonstrated and verified the design and structural applicability of modern timber-
only joints within a modular multifaceted three-storey lattice timber structure, while 
also considering the extreme wind and earthquake conditions in Japan. The interactive 
design feedback enables the planner to design with the complex interdependent 
structural constraints of timber-only joints, while maintaining a high level of design 
freedom. Further explorations of the method could go beyond a modular box system 
and investigate more complex geometric arrangements. This would then require further 
research into the proposed joint typologies with respect to structural and robotic 
fabrication constraints. 
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This study has further demonstrated that geometrical adjustments of the joint design 
can overcome robotic placement inaccuracies. The extensive load testing carried out in 
this study, constitutes a viable reference for engineers and architects seeking to 
understand the structural behaviour of modern timber-only joints. Using only wood 
materials improves both the carbon footprint and circularity of structures and thus this 
research contributes to reaching sustainable development goals. In the next phase of 
our project, the structure will be erected in Japan to  complete the research of this paper. 
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