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This paper presents the design and development of an integrated computational system 
for the fabrication of jointless reciprocal lattice structures. The focus is on discrete 
assembly techniques for timber-based columns, where structural stability is achieved 
through self-balancing counter forces generated by the reciprocal arrangement of varied 
profile dowels. These dowels are inserted through topologically optimized timber-plates 
at counter-balancing orientations, guided by the spatial angles of the lattice’s voxel units, 
resulting in stable configurations without the use of adhesives or secondary fasteners. The 
design process incorporates voxel-based polyhedral modeling and parametric structural 
analysis to optimize both material distribution across plates and dowel profile allocation. 
Due to its modular nature, the system is compatible with robotic fabrication and 
augmented reality-enabled assembly. A set of column configurations is explored, with one 
selected case examined in detail through physical prototyping. The findings situate the 
system within circular material workflows for timber construction. 

Keywords: Jointless Reciprocal Lattice, Timber Dowel Column, Robotic Timber 
Construction, Augmented Fabrication, Resource-Driven Design.

INTRODUCTION 
The architecture, engineering, and construction 
(AEC) industries are undergoing significant 
transformations, propelled by innovations in 
digital design, computational modeling, and 
robotic fabrication. Among these advancements, 
lattice structures have gained attention as spatial 
systems that offer both geometric adaptability 
and structural performance. Rather than relying 
on solid mass, these frameworks distribute loads 
through a network of interconnected linear or 
planar elements, enabling efficient use of material 

while maintaining structural integrity. Their open-
cell configuration allows for customizability in 
form and function, making them suitable for 
lightweight and performance-driven architectural 
applications. 

Traditional lattice assemblies often rely on 
adhesive material and connecting joints, which 
can increase production complexity and 
environmental impact. This research proposes a 
Jointless Reciprocal Lattice (JRL) system to 
address these challenges. The JRL system 
demonstrates a resource- and performance-
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driven approach to timber construction. In this 
paper, the JRL is implemented in a column case 
study as a discrete construction method that 
leverages timber as the sole material for lattice 
structures, eliminating the need for any adhesive 
material or connecting joints. 

The JRL system integrates computational 
design, robotic fabrication, and augmented 
assembly techniques to create modular and 
jointless timber components. It employs two 
primary elements: Topologically Optimized 
Timber-Plates (TOT) and Varied Profile Dowels 
(VPD). The TOT components are fabricated using 
multi-axis CNC methods, such as robotic milling 
with more than five axes, to interlock seamlessly 
with the dowels, forming a structurally stable 
lattice without the need for additional fasteners. 

The methodology combines principles of 
reciprocal frames and topological optimization, 
enabling the system to distribute forces efficiently 
while minimizing material use. The integration of 
tailor-made computational workflows facilitates 
the optimization of timber components and the 
variation of dowel sizes based on specific load 
conditions, contributing to both structural 
performance and material efficiency. 
Furthermore, the modular nature of the JRL 
system allows for scalability and adaptability 
across a range of architectural applications.  

The paper begins with a review of relevant 
background, followed by the methodology used 
to develop the JRL system. A column case study is 
presented to evaluate its performance, with 
results and discussion focusing on structural 
behavior, material efficiency, and future 
applications. 

BACKGROUND 
The development of the Jointless Reciprocal 
Lattice (JRL) system builds upon the previously 
explored Timber-Dowel Reciprocal Lattice (TDRL) 
system, integrating multiple fields of study, 
including lattice structures, timber dowel systems, 

reciprocal structures, and augmented fabrication 
techniques (Mostafavi et al., 2024). While the 
TDRL framework has been explored in various 
ways within architecture and construction, this 
paper introduces an advanced version of the 
system, now featuring Topologically Optimized 
Timber-Plates (TOT) and Varied Profile Dowels 
(VPD). This research refines the methodology by 
applying it to a column case study, reducing the 
weight of timber elements, and further 
integrating performative structural analysis. The 
following background section provides an 
overview of four core areas relevant to this 
research: lattice structures, timber dowel systems, 
reciprocal structures, and augmented fabrication 
and assembly.  

Lattice Structures 
Lattice structures, composed of repeating or 
variable unit cells in a topologically ordered, 
three-dimensional open-cell configuration 
(Maconachie et al., 2019), have been used in 
architecture and engineering for their structural 
efficiency and modular composition. Also referred 
to as 3D space frames, these systems in their early 
implementations offered advantages in assembly 
and disassembly (Bell, 1903; Fuller, 1983). 
Developments in digital design and 
computational tools have enabled the transition 
from repetitive to non-repetitive modules and 
freeform geometries, allowing for designs that 
address complex spatial and load-bearing 
requirements while maintaining material 
efficiency (Naboni et al., 2020; Kontiza et al., 
2018). Building on this foundation, the JRL system 
adopts a voxel-based approach using tetrahedral-
octahedral honeycomb geometries to support 
modularity and adaptability. This configuration 
facilitates uniform force distribution and 
structural stability under varying load conditions, 
serving as the basis for the proposed system. 
Despite these advancements, many lattice 
structures continue to rely on adhesive materials 
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and mechanical connectors, which complicate 
assembly and limit disassembly, recyclability, and 
material separation. 

Timber Dowel Systems 
Timber dowel systems eliminate the use of 
adhesives and synthetic connectors, enabling 
biodegradable and recyclable construction 
components. Research in this area has focused on 
structural efficiency and material use. Villar et al. 
(2016) employed genetic algorithms to optimize 
dowel placement and cross-sectional dimensions, 
while Šilih et al. (2010) examined the role of joint 
flexibility in relation to cost and performance. 
Other systems have introduced hybrids, such as 
dowels combined with steel plates, to improve 
load-bearing capacity and shear resistance (Tang 
et al., 2020). The JRL system builds on this body of 
work by employing dowels in reciprocal 
configurations that generate self-balancing 
forces. (Mostafavi et al., 2025). 

Reciprocal Frames 
Reciprocal frames, or nexorades, are structural 
systems composed of elements that mutually 
support one another through a closed loop of 
forces, forming self-stabilizing configurations 
without centralized supports. Their geometric 
logic allows for spanning and load transfer 
through interdependence among elements, 
making them suitable for modular and material-
efficient construction. Several studies have 
examined their geometric complexity, form-
finding processes, and structural behavior. 
Challenges related to assembly and load 
distribution have been explored using dynamic 
relaxation techniques (Douthe and Baverel, 2009), 
while hybrid designs combining shell structures 
and reciprocal systems have been proposed to 
enhance performance (Mesnil et al., 2018). 
Computational advancements have further 
enabled their optimization, with methods 
developed to predict and manage large-scale 

networks (Parigi and Kirkegaard, 2014; Mostafavi 
et al., 2020). The system presented in this paper, 
through a column case study, integrates 
reciprocal principles with computational 
optimization, employing tools such as 
Karamba3D to adapt dowel thickness and timber 
profiles to architectural and structural 
requirements. 

Augmented Fabrication and Assembly 
Advancements in robotic fabrication and 

augmented assembly have expanded the 
possibilities for constructing timber structures 
with complex geometries. Computational 
workflows for assembling freeform timber trusses 
have been developed (Apolinarska et al., 2016), 
and the scalability of additive manufacturing for 
large-scale construction has been demonstrated 
(Willmann et al., 2016). More recently, the 
potential of hybrid workflows involving human-
robot collaboration has been explored to 
enhance precision and adaptability during 
assembly (Ruan and Adel, 2023). 

The system presented in this paper, 
demonstrated through a column case study, 
incorporates robotic milling and augmented 
reality-enabled assembly to facilitate 
construction. These workflows provide real-time 
guidance for component placement and support 
material efficiency through precise, digitally 
assisted processes. 

While previous studies have investigated 
lattice structures, reciprocal systems, timber 
dowel construction, and robotic fabrication 
individually, a comprehensive framework that 
integrates these domains remains 
underdeveloped. This paper advances such 
integration by refining a column case study based 
on the reciprocal lattice method, with a focus on 
optimizing material distribution and dowel profile 
allocation. These developments are detailed in 
the objectives and methods sections. Preliminary 
results of Timber Dowel Reciprocal Lattice (TDRL) 
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system are summarized in Figure 1. The figure 
also includes an overview of earlier work involving 
robotic fabrication and AR-enabled assembly of 

an arch case study, which employed solid timber 
plates without topological optimization and 
uniform dowel profiles. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

METHOD 
Building on previous research on the TDRL 
structural system (Figure 1) and the themes 
discussed in the background, this study develops 
the Jointless Reciprocal Lattice (JRL) system 
through a column case study. The approach 
focuses on improving material efficiency and 
structural performance. Central to the system is 
the jointless assembly of two key components: 
topologically optimized timber-plates (TOT) and 
varied profile dowels (VPD). The methodology 
explained in this paper is organized into four main 
parts: 

• Voxelization: Defining the modular units, 
using tetrahedral-octahedral honeycomb 
geometries to establish the spatial logic of the 
lattice system. 

• Creating the Timber-Dowel System with 
Reciprocal Elements: Constructing the 
geometry of TOT and positioning VPD based 
on reciprocal spatial relationships derived 
from voxel intersections. 

• Structural Performance Analysis and 
Principal Stress Extraction: Using parametric 
analysis tools (e.g., Karamba3D and Millipede) 
to evaluate load paths and extract principal 

Figure 1 
Left and middle: 
Scaled models of 
an arch structure 
using reciprocal 
lattice systems, 
middle and arch 
case study using 
TDRL, Right: 
Robotic 
fabrication of 
timber elements 
for the lattice 
assembly. 
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stress lines that guide material distribution 
and dowel variation. 

• 4. Mesh Generation and Dowel Allocation: 
Producing watertight, fabrication-ready 
meshes for timber plates and assigning dowel 
profiles based on structural performance and 
fabrication constraints. 
Figure 2 presents five selected voxel 

configurations and volumetric designs of column 
topologies, including straight, compound, V-
shape, concave, and convex types. The first three 
configurations consist of 88 voxels, while the 
concave and convex types are composed of 56 
voxels. While these configurations were initially 
modeled manually, a parametric system was later 
developed to convert any given input surface or 
boundary representation into a customizable 
voxelized framework. In the next phase of the 
workflow, the output voxel geometry is used as 
input for generating the elements of the lattice. 

 
 
 
 
 
 
 
 
 

The following three interconnected steps of 
the workflow—reciprocalization, structural 
analysis, and material optimization—are applied 
to all five column configurations. Together, these 
steps extend the voxel-based framework into a 
system for developing modular, lightweight, and 
resource-efficient timber structures. 

In the creation of the timber-dowel system, 
input voxel geometries are defined to establish 
the modular framework of the lattice. A 
tetrahedral-octahedral honeycomb configuration 
is used for its ability to expand uniformly in three-

dimensional space, enabling distributed force 
flow and structural stability. This step is followed 
by reciprocalization, in which dowels are offset 
from the intersection points on the plates to meet 
stabilizing requirements, forming a self-balancing 
structure. 

The third step introduces material 
optimization, where principal stress lines are 
analyzed to guide the redistribution of material 
within the timber elements, enhancing structural 
stability while reducing overall weight. Figure 3 
summarizes the first three steps of the workflow 
in a table, showing the progression from voxel 
input to material optimization. The column on 
principal stresses highlights how material is 
distributed across the timber components to 
improve structural performance.  

Under the defined boundary conditions, 
dowel lengths are derived directly from structural 
analysis. In the current system, dowels are 
categorized into two types: short dowels that 
connect two layers of timber, and long dowels 
that span three layers, supporting both 
performance and assembly requirements. The 
length of the dowels is determined based on two 
performance criteria: total structural mass and 
maximum displacement, with the aim of 
minimizing both objectives. 

Figure 4 provides further detail, showing how 
principal stress lines from the voxel geometry are 
translated into continuous, closed watertight 
meshes. These meshes are both 3D printable and 
robotically millable, enabling efficient material 
usage and fabrication. On the right side of Figure 
4, optimized dowel profiles are allocated based 
on structural performance and resource 
availability, using four dowel thickness ranges 
(≈13–26 mm) to meet performance requirements 
and material constraints.  

The workflow employs parametric structural 
analysis using Karamba3D, while Rhino-
Grasshopper supports iterative modeling and 
geometric refinement. Learning from the analysis 

Figure 2 
Five column 
topologies from 
left to right: 
straight, 
compound, V-
shape, concave, 
and convex. The 
first three have 88 
voxels, while the 
last two have 56 
voxels. 
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and fabrication of prototypes, it was observed 
that thinner column configurations with 56 voxels 
may underperform in regions where a single voxel 
is responsible for distributing load—particularly 

at connecting layers. To address this issue, 
additional connecting dowels were introduced 
between layers to improve structural stability. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.  
Table of Column 
prototypes 
showing voxel 
geometries, 
reciprocal lattices, 
principal stresses, 
and 
corresponding 
weight and 
displacement for 
five topologies. 

 
Figure 4 
Table of Column 
prototypes 
showing voxel 
geometries, 
reciprocal lattices, 
principal stresses, 
and 
corresponding 
weight and 
displacement for 
five topologies. 
Right: Reciprocal 
Timber Dowel 
Colum with four 
thicknesses of 
allocated dowels 
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Initially, using the millipede plugin, topology 
optimization tool was employed to investigate 
the performance of timber structures under axial 
forces generated by dowels. However, the 
resulting mesh lacked the coherence necessary 
for the integrated system to function cohesively, 
as it produced a dense mesh primarily around 
nodal region. Consequently, principal stress 
distribution on the timber mid-planes is analyzed 
to better understand material behavior under 
gravity combined with axial forces which are 
transferred from the dowels to the plates. 
Building on this, the method is progressed toward 
the generation of printable and millable meshes 
using the Marching Cubes algorithm via the 
Cocoon plugin, focusing on columns composed 
of 88 voxels. The raw discrete lines which is 
derived as a data set for compression and tension 
representing the principal stress analysis on the 
plates are then used to inform both the material 
redistribution and the local refinement of mesh 
geometry. Figure 5 shows a CNC double-sided 
milled timber and robotically milled using KUKA | 
PRC plugin. 

RESULT 
This proposed feedback driven integrated 

approach allows an iterative workflow across 
design, analysis, and fabrication phases, providing 
the opportunity for the JRL system to adapt to 
diverse architectural applications. The column 

case study demonstrates the scalability and 
material efficiency of the system.  
Figure 6 presents the compound column 
configuration, composed of nine timber elements 
stacked to a total height of 9 feet (~275 cm). This 
configuration integrates topologically optimized 
timber-plates (TOT) and varied profile dowels 
(VPD), with varied dowel thicknesses, assigned 
based on structural performance requirements. 
Material optimization is achieved through 
porosity informed by computational analysis, 
resulting in lightweight timber elements that 
reduces material usage while maintaining 
structural integrity. 
 

 
 
 
 
 
 
 
 
 
 
 
The evaluation highlights how the 

combination of optimized material distribution 
and reciprocal lattice geometry contributes to 
self-balancing behavior by distributing forces 
across interconnected layers. Earlier prototypes 
revealed that thinner columns underperformed in 
areas where load transfer depended on single 
voxels, prompting a refinement of the compound 
column by increasing the number of voxels per 
layer. In other words, providing more options for 
force flow enables the system to redirect loads 
through alternative structural paths. These 
refinements lead to improved structural 
performance while maintaining scalability and 
adaptability for modular timber construction. 
Figure 7 illustrates a scaled, prototyped, and 
assembled version of the column at 1:6 scale, 

Figure 5.  
Sample of a 
double-sided 
milled 20 mm TOT 
(Topologically 
Optimized Timber) 
plate component 

Figure 6.  
Left: Plates with 
topologically 
optimized timber-
plates (TOT) 
method applied 
and order of 
assembly. Right: 
Digital model of 
Jointless 
Reciprocal Lattice 
(JRL) column and 
labeled plates. 
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composed of nine timber elements and 154 
dowels—102 short dowels connecting two layers 

and 52 longer dowels spanning three layers of 
timber. 

 
 
 
 
 
 

 
 

This study validates the feasibility of the JRL 
system as a modular and resource-efficient 
approach. Through iterative testing and 
refinement, the compound column demonstrates 
the alignment of computational workflows with 
structural optimization, offering insights into the 
broader application of the JRL system in timber 
architecture. 

DISCUSSION AND CONCLUSION 
The Jointless Reciprocal Lattice (JRL) system 
introduces a resource-driven, lightweight method 
for designing and constructing lattice structures, 
offering a scalable and modular assembly 
approach without the need for secondary 
materials (Mostafavi et al., filed patent, 2024). The 
results focus on validating this system through 

the compound column case study, emphasizing 
material efficiency, and structural performance. By 
focusing on the discrete assembly of topologically 
optimized timber-plates (TOT) and varied profile 
dowels (VPD), the system demonstrates its 
potential for material efficiency, lightweight, and 
scalable lattice structures. The research highlights 
the interplay between structural optimization and 
material efficiency, emphasizing the importance 
of modular and jointless assembly in advancing 
sustainable timber construction practices. The 
compound column case study serves as a 
validation of the system’s capability to balance 
structural performance, geometric adaptability, 
and fabrication precision, reinforcing its relevance 
in contemporary architectural applications. 

Figure 7. Left: 
Assembled scaled 
column prototype 
of the Jointless 
Reciprocal Lattice 
(JRL) Right: Nine 
3D printed plates 
using 
topologically 
optimized timber-
plate (TOT) 
method 
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This study evaluated five column typologies 
through the complete JRL workflow, including 
voxel-based modeling, reciprocalization, 
structural analysis, material optimization for both 
timber and dowel elements and prototyping. 
Future work will include improving the method 
for determining which dowels should be long and 
which should be short, with the goal of enhancing 
both structural performance and facilitating the 
assembly process. Figure 8 illustrates a close-up 
view of three connected layers using a range of 
long and short dowels, along with a snapshot of 
the AR-assisted assembly process of the scaled 
prototype. 

Future work will also focus on testing the JRL 
system at different scales, including one-to-one 
fabrication and load-bearing tests of optimized 
timber-dowel reciprocal lattice systems. These 
experiments will further explore the structural and 
material limits of TOT and VPD elements under 
real-world conditions, advancing the applicability 
of the system for larger architectural and 
infrastructural typologies. By focusing the future 
development on technical and practical 
challenges, the JRL system can provide an 
integrated solution in timber construction, 

contributing to the broader adoption of resource-
driven design and circular material workflows. 
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