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Abstract. While current approaches in timber construction stress the 
advantages of off-site prefabrication, glued laminated timber(glulam) 
structures is limited to the constraints of standardized, prefabricated 
mostly linear elements, which also lends itself only to building 
typologies that offer an increased level of standardization and 
regularity. The design freedom of timber structures is incomparable to 
that of reinforced concrete structures, which mostly gains from the in-
situ fabrication process. An in-situ robotic timber fabrication platform 
allows the on-site construction of glulam structures with highly 
differentiated networks of beams composed of robotically assembled 
discrete linear elements. Based on the possibilities of such mobile 
robotic fabrication process, this paper explores novel architectural 
typologies of spatial glulam structures. The research is conducted from 
several aspects including joint tectonics, design method, and robotic 
fabrication process. A large-scale pavilion is designed and fabricated to 
verify the feasibility of the proposed system. This research could 
provide a novel mode of in-situ robotic timber fabrication and 
corresponding glulam structure system for timber construction. 

Keywords.  Mobile Robot; Timber Structure; In-situ Fabrication; 
Computational Design; SDG 9.  

1. Introduction 

Current timber construction benefits from off-site prefabrication approaches, the 
efficiency and economy of which gain mostly from the standardized design and 
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production of the building system (Thomas et al., 2004). As the prefabricated 
components need to be assembled on site, timber construction still suffers from the 
constraints of transportation, connection system and assembly process, despite the 
many advantages. The monolithic nature of on-site cast steel-reinforced concrete 
structures plays out its main benefits: the material can be formed flexibly into almost 
any shape, while the rebar allows for the reinforcement of the structures in various 
directions. For timber construction, there is no on-site fabrication system for large-scale 
structures that could be comparable and competitive with the flexibility of such steel-
reinforced concrete structures. 

In this work we are aiming to tackle exactly this problem of large-scale timber 
construction with a customized mobile robotic fabrication platform that allows on-site 
construction of timber frames composed of robotically assembled discrete wooden 
elements. Based on the possibilities of such mobile robotic construction process, novel 
design opportunities for timber construction are developed through the 
contextualization of a spatial glulam building system involving the intricate 
negotiations of material tectonics, structure optimization and fabrication constraints. 
This paper will show how a robot platform (Wagner, Chai, et al., 2020) could be 
employed in a fabrication system that integrates aspects of in-situ construction robotics 
and architectural building system design. The development of the proposed system and 
its evaluation through a large-scale case-study structure will be presented in this paper. 

2. Background 

2.1. IN-SITU ROBOTIC CONSTRUCTION 

State of the art concepts for in-situ mobile robotics have shown great potentials in 
mastering complexity within and beyond existing building typologies. Mobile robots 
that are used to automate existing construction processes have appeared on the market, 
such as the Ceiling drilling robot HILTI Jaibot BIM (Xu et al., 2021), wall painting 
robot Pictobot (Asadi et al., 2018) and OKibo (okibo, 2021). The “In-situ fabricator” 
developed by ETH Zürich is a typical case that promotes the development of new 
construction systems such as Mesh Mould (Dörfler et al., 2019). Despite all the 
technological challenges facing In-situ mobile robotics, it can be expected that in-situ 
mobile robotics will become increasingly integrated in the construction site.  

2.2. GLULAM STRUCTURES 

Glulam is one of the most important structural materials in the practice of modern wood 
architectures. Currently, efficient production lines to produce ordinary glulam 
components have been formed through reasonable organization of the production 
workflow (Chai et al., 2021). Combined with the processing capabilities of computer-
aided manufacturing equipment such as timber CNC-machining centres, the size and 
form of the prefabricated glulam components can be almost unlimited, regardless of 
cost. The past decade has witnessed the emergence of a series of complex glulam 
structures, such as the French Pavilion for Milan Expo (Scheurer et al., 2015), and La 
Seine Musicale (Stehling et al.). Nevertheless, due to transportation constraints, it's 
normally necessary to segment the glulam components in the factory then transport 
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them to the site for connection. Therefore, the joint systems are particularly challenging 
for the structural integrity. While broadly successful in linear and standardized building 
applications, the main challenge for glulam structure at present comes from the 
disproportional loss of economic and efficiency benefits in customized designs with 
complex spatially differentiated components and connectors. Studies in how robotic 
timber construction can become more flexible and offer advanced manufacturing also 
for non-standard structures, will be paramount in order to enable broad application of 
sustainable wood architecture (Wagner, Alvarez, Groenewolt, et al., 2020). 

2.3. ROBOTIC TIMBER ASSEMBLY 

Robotic timber assembly with both linear sawn timber and wood panels has been 
extensively studied during the last 15 years (Willmann et al., 2016).  The assembly 
process of timber structures has been automated through the development of robotic 
assembly tools such as grippers and automatic nail guns (Apolinarska et al., 2016). The 
assembly of the DFAB project explore dual-robot fabrication of timber frame 
structures (Graser et al., 2021). The assembly of tenon-and-mortise joints-based timber 
structures through the flexible use of robotic grippers and tool changers have also been 
recently explored (Leung et al., 2021), as well as the off-site robotic glue-pressing of 
timber assemblies (Wagner, Alvarez, Kyjanek, et al., 2020). Currently, the research of 
robotic timber assembly is mainly carried out in laboratories and factories. What 
remains to be explored is the adaptability of robot assembly technology to complex 
conditions on site and the corresponding timber system for in-situ construction. 

3. Robotic Platform for in-situ Timber Construction 

A mobile robotic platform was developed to be flexibly deployable for various on-site 
timber construction tasks, which have been introduced in previous research (Wagner, 
Chai, et al., 2020). An ABB IRB 4600 industrial robot arm is installed on a track 
platform, with a customized tool station for timber processing equipped. To ensure 
ideal productivity in fabrication scenarios, the reach envelope of the platform could 
cover both typical ceiling and floor heights. A gripper with automated nail gun is 
mounted on the robot to conduct assembly tasks. A gluing station is fixed on the 
platform to apply glue during assembly.  An Intel RealSense D415 RGB-D camera is 
rigidly mounted on the robot flange to localize the robot root in the environment by 
identifying pre-embedded markers. With real-time communication via ABB EGM, a 
cyber-physical system linking the design software and the robotic construction process 
can be established (Menges, 2015). With this setup, timber structures could be robotic 
assembled on-site from discrete timber elements through a continuous repetition of a 
series of fabrication tasks: gripping-gluing-placing-nailing. 

4. Design of Spatial Glulam Structures 

4.1. SPATIAL GLULAM STRUCTURE 

As one of the most cost-effective fasteners, nail connections are usually employed in 
robotic timber assembly using automatic nail guns to shoot the nails. However, nails 
do not provide large resistance (Johnsson, 2001). In timber construction, Glue bonding 
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is the only connection method that could establish continuous stiffness at the interface 
(Ramage et al., 2017). Normally, the high strength of glue bonding is obtained through 
maintaining certain pressure for several hours. The on-site mobile construction robot 
could assemble the discrete timber sticks into an integrated spatial structure through 
gluing and nailing which blurs the clear distinction between components and joints, 
avoids the customization of complicated components and connectors. This kind of nail-
glue hybrid connections obtains its performance mainly from nail assisted glue 
interface. In this regard, the on-site construction system of integrated spatial timber 
structure with nail-press-glue connection can be regarded as a custom glulam structure, 
and as an extension of the common concept of glued laminated timber.  

As a robot-fabricated building system, the design of such spatial glulam structures 
is subject to several constraints of the robotic construction process. For example, the 
use of standardized or simple materials is more conducive to the robot assembly 
process. The component size is constrained by the tool parameters such as the size of 
the gripper, the length of the nail, and operational space of glue application station. The 
robot assembly sequence of the components also needs to be defined in the design 
process of the construction system.  

4.2. TECTONICS SYSTEM 

The tectonics system-how joints and structures are formed with timber components-is 
essential for spatial glulam structure, which should allow multi-directional growth of 
the structure while meeting the fabrication requirements of the robot platform.  In this 
research, the building system is conceived taking wood frame structure as a prototype. 
Wood frame structures, especially in multi-story construction, usually employs 
orthogonal spatial grids with prefabricated columns and beams. The orthogonal frame 
structure is conducive to the standardized production of components and connection 
joints, reducing the difficulty of processing and installation. However, what is lost in 
the standardization process is the freedom of structural design and the flexibility of 
architectural space. If the axes of the frame structure do not conform to an orthogonal 
grid, the processing difficulty of components and connectors will be significantly 
increased, which will in turn increase the workload and cost. 

The design of the Spatial Glulam Structure pavilion explores innovative 
construction system of wood frame structures by introducing 45-degree oblique 
members into the orthogonal frame. The different combinations of oblique members 
and orthogonal grids will greatly increase the diversity of the structure system. By 
limiting the components to orthogonal ones and 45-degree oblique ones, the 
complexity of the structure itself is also limited to a certain range, which is more 
conducive to the robotic fabrication process.  

Typological study is first carried out on the tectonics system of frame structure after 
the introduction of oblique members. Starting from a single linear axis, the tectonic 
system of different joints is defined with the same logic, including planar orthogonal 
axis, spatial orthogonal axis, planar oblique axis, and spatial oblique axis. The assembly 
sequence and nailing positions of the components are also defined at this stage, so that 
the robot assembly logic can be clarified (Figure 1). 
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The construction system is designed with straight sticks with a uniform square 
section. With a 3*3 square grid defined at the cross-section of the axis, three sticks are 
arranged on the three corner cells of the grid, spacing one cell in between to 
accommodate the intersecting sticks. if axes are intersecting, the axes will maintain one 
cell spacing at the intersection to avoid collisions between sticks. Using three sticks as 
a group instead of four, could make the organization of the assembly sequence much 
easier, simplifying the robotic assembly process. The joints at both ends of the same 
axis can be connected by adding sticks in the vacant cells. Therefore, for a given axis 
frame, a spatial glulam structure can be formed by first classifying the axis by different 
intersecting type, then calling the corresponding joint definition, fitting different 
situations through parameter adjustment. 

Figure 1 Tectonics for spatial glulam structure 

4.3. STRUCTURAL DESIGN STRATEGY 

This research makes a preliminary attempt on the integrated design process of spatial 
frame structures through the design and construction of a large-scale pavilion (Figure 
2). The pavilion is designed around a concrete column, with the structure completely 
independent from the column, which provides shelter and seating for visitors with a 
dominant structural cantilever on the top. 

Figure 2 Integrated design of spatial glulam structure 
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Topology optimization is used for form-finding, which provides a basis for the 
high-performance layout of the timber sticks. Grasshopper plug-in tOpos is employed 
to perform topology optimization calculations. With a given roof profile and support 
area as a starting point, uniformly distributed vertical and horizontal loads are applied 
to the design range for optimization (Figure 3). After optimization, a series of curves 
are obtained by extracting the medial axes of the mesh model output by the topology 
optimization. The curves are then transformed into a series of polylines composed of 
only horizontal, vertical, and 45-degree diagonal segments. For functional 
considerations, the polylines were further optimized with two benches added at the 
bottom of the structure.  

Figure 3 Topology optimization-based form-finding process 

Due to the difference in lengths of the obtained frame axes, three types of sticks are 
adopted here with three different lengths 300 mm, 500 mm and 800 mm, and a uniform 
square section of 50 mm*50 mm. In order to arrange the sticks on the spatial frame 
obtained from topology optimization, the axis intersecting at each joint are first 
analysed. Then the corresponding tectonics are selected from the joint library and 
positioned on the axis, with appropriate stick lengths endowed according to the length 
of the axis. After all the axes are fitted with the joint system, additional connecting 
sticks are added to connect different joints to form a complete spatial frame structure. 

5. On-site Robotic Fabrication 

Taking use of the on-site mobile construction platform, the structure is gradually 
assembled through the processes of stick picking, gluing, placing, and nailing. The 
structure is first divided into a series of construction units according to the robot's reach, 
with the range of the corresponding robotic fabrication position roughly clarified. The 
robot platform assembles the structure on-site by repeating the following process: 
move the robot to the construction area of a certain unit, robot localization, robot 
programming, robotic fabrication.  

5.1. ROBOT LOCALIZATION 
At the construction site, the robot platform locates itself by recognizing markers pre-
laid on the steel foundation with the camera. The robot collects three to four markers 
each time it moves and uses the results of multiple markers to calculate a relatively 
accurate root of the robot. The markers are laid on the steel foundation at an interval of 
1-1.5m to make sure that the robot can recognize at least three markers at each location. 
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A KTS-462R4L total station is used to calibrate the position of all the markers by 
identifying the reflectors attached to the corner of the markers. At the same time, the 
total station is also used to calibrate the corners of the steel foundation to clarify the 
relative position relationship between the markers and the steel foundation, as well as 
the timber structure to be built. After hand-eye calibration, the camera is used to 
identify the markers and transform the coordinate frame of the markers into the root of 
the robot. The entire structure will be assembled by the robot platform through multiple 
movements and repositions following the construction sequence mentioned above.  

Figure 4 localization system of the mobile robot 

5.2. ROBOT PROGRAMMING 

After localizing the robot in the environment, the robot path for corresponding 
construction unit will be programmed. After being picked by the robot, the stick needs 
to be glued and nailed, the gluing and nailing position of which corresponds to the 
intersecting area of this stick and sticks that have been built. Due to the complex 
relationship between sticks, spatial glulam structure must be assembled in strict 
accordance with a specific order. With the assembly sequence of each joint type 
defined in the tectonics design stage, the robot path is mainly extracted from the 
intersecting relationship between the sticks. Therefore, when programming the robot, 
it is necessary to first determine the intersection relationship between each stick to be 
built and ones that have been built. Then a plane could be generated at the interface, 
which serves as a reference for the robot target (Figure 5). It is worth mentioning that 
there are no intersecting sticks for the first or first few sticks at the beginning of each 
construction unit. Additional sticks need to be added to determine the robot's grasping 
position. 
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Figure 5 Robotic assembly process of a typical joints 

5.3. ON-SITE ROBOTIC FABRICATION 

When constructing on site, the prefabricated steel foundation is first installed in place, 
with steel connectors that connect the foundation and the timber structure pre-welded 
on the plate. Then the markers and the reflectors for total station measurement are laid 
on the steel plate, with the reflectors attached to the corners of the markers and the 
corners of the steel foundation. The total station measures the relative position between 
the markers and the steel foundation to establish a global environment model for the 
robotic construction.  

The structure is split into 8 construction units for construction, with the 
corresponding location of the platform roughly determined in advance through the 
robotic simulation (Figure 6). After the robot moves in place, the camera recognizes 
three to four markers within the reach zone of the robot arm to obtain the root of the 
robot in the global model. Then the robotic fabrication process will be simulated, 
outputting the robot program for execution. The program instructs the robot to grab the 
sticks, apply glue, and place sticks in place, while an operator holds the nail gun to fix 
the sticks. Each construction unit could be assembled by simply repeating this process.  

Figure 6 simulation of on-site robotic construction sequence of 8 construction units  
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Figure 7 on-site robotic fabrication 

6. Result and Evaluation 

The structure is composed of 937 members, including 328 members with 800 mm 
length, 302 members with 500 mm length, and 307 members with 300 mm length. The 
on-site robot construction process of all sticks took roughly 10 days. The completed 
Spatial Glulam Structure presents unique aesthetic characteristics under the combined 
effect of structural performance design and robotic fabrication.   

Figure 8 Robotic fabricated Spatial Glulam Structure 

7. Conclusion 

A spatial glulam structure system is developed in this paper based on a custom mobile 
robotic timber fabrication platform, the feasibility and potential of which have been 
verified through the construction of a large-scale pavilion. Although the technology 
has yet to be improved, this research has opened a novel mode of in-situ fabrication for 
timber construction. Subsequent research will focus on the mechanical properties of 
the proposed system to further improve its practicality. 
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