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Traditional bamboo roof structures are a substantial element of Indonesia’s vernacular 

architecture and cultural identity. Integrating bamboo into computational design and 

robotic fabrication presents challenges due to inherent material heterogeneity, non-

uniform properties, and reliance on human & traditional craftsmanship. This study 

explores the incorporation of robotic fabrication in bamboo construction and examines 

the opportunities and challenges of its human-robot collaboration (HRC) adoption. To 

answer these, we propose an HRC workflow in three stages, including parametric design 

and optimisation of double-curved hyperbolic paraboloid bamboo surface structures, the 

development of an adaptive customised joinery system, and robotic assembly with 

adaptive end-effector grippers for handling, placing, holding, and bending bamboo rods 

in HRC. We evaluate the workflow by assembling a scaled traditional bamboo roof 

prototype (1/4 scale) and testing how robotic fabrication addresses material challenges 

and demonstrates improved assembly precision. In addition, we analyse how the adaptive 

and tailored joint system impacts bamboo active-bending behaviour during robotic 

assembly. Our findings reveal the strengths and constraints of the approach and offer 

insights into the intuitive interaction between humans and robots to advance bamboo 

construction. This research bridges traditional craftsmanship and automated fabrication 

for contemporary bamboo architecture applications. 

Keywords: Bamboo architecture, robotic fabrication, robotic assembly, parametric 

design, bamboo joint design, human-robot collaboration

INTRODUCTION 
Bamboo is a natural and sustainable material 

integral to indigenous vernacular architecture in 

Indonesia for centuries. As an abundant and 

sustainable material, traditional housing 

typologies commonly use bamboo and timber in 

structural elements and roofing systems. On the 

other hand, as a low-cost and sustainable 

material, contemporary bamboo is emerging and 

gaining recognition as an appealing alternative to 

conventional construction materials due to its 

short harvesting cycle, renewability, and low 

carbon footprint. Bamboo's natural flexibility, 

high strength-to-weight ratio, and bending 

capability also make it an ideal earthquake-

resistant structure, particularly in seismically 

active regions such as Indonesia.  Bamboo 

materiality suits curved structures, offering 
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organic and dynamic geometry and form seen in 

contemporary architecture (Nurdiah, 2016). The 

material and geometrical adaptability of 

bamboo's natural curvature makes it well-suited 

for forming curved roofing structures commonly 

found in many Indonesian traditional houses, 

such as the conventional high-pitched roof with 

sweeping curves, to showcase aesthetic 

expression and materiality.  

 

However, bamboo integration in 

computational design and digital fabrication 

poses ongoing challenges, primarily due to 

constraints on material-inherent variability, the 

lack of comprehensive global standardisation, 

and the bamboo construction code. (Gatóo et al., 

2014), combined with cultural perception and 

technical barriers. Traditional bamboo 

constructions are labour-intensive and reliant on 

skill-craftsmanship, particularly in joinery systems 

where joints follow form. These aspects 

complicate their integration into automated 

fabrication processes. Traditionally, bamboo 

joinery systems require human dexterity for 

binding and bolting tasks, making their adoption 

in robotic fabrication challenging, and a tailored 

joint system is critical for structural integrity.  

 

This study reintroduces bamboo with 

computational modelling and robotic 

construction and explores the development of a 

human-robot-assisted workflow to optimise the 

construction process. Reflecting on traditional 

bamboo construction's reliance on manual 

craftsmanship, we see the potential for human 

intuition to complement robotic capabilities, an 

opportunity that remains underutilised in 

traditional construction contexts. The following 

sections discuss the architectural context, 

computational strategies, robotic setup and the 

outcomes of our scaled prototype experiment 

based on the traditional roof of Indonesian house 

typologies.  

Indonesian traditional architecture 
This research focuses on the Bolon house of 

the Batak tribe in North Sumatra, Indonesia, as the 

object of the case study. The distinctive features 

are the soaring and highly curved roof, two large 

hyperbolic paraboloid surfaces that rise steeply 

with the curve outward at the tips. The roof 

extends beyond the walls, providing shade and 

protection from the tropical climate (figure 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The overall structure is symmetrical, with its 

curvature intentionally designed to distribute 

loads and facilitate heavy rainwater runoff. The 

steep pitch and pointed roof edges enhance 

airflow circulation to maintain cooler interior 

temperatures. Traditional roofs use lashing and 

binding techniques with rattan or ropes. In 

modern adaptations, particularly in restoration 

projects or incorporating new materials, nails and 

screws are commonly used. 

Rationale for Case Study Selection 
Beyond its cultural significance, the selection 

of Bolon's house as a case study is due to its 

structural complexity, modular repetition of 

curvilinear elements where curvature and angular 

deviations vary, and its adaptability with robotic 

Figure 1 

Bolon house, 

Batak tribe 

traditional village, 

North Sumatera, 

Indonesia. 

Figure 2 

Roof size 

comparison as the 

head is bigger 

than the body of 

the house, for 

building figures 

and shade 

protection 
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task planning. The accessible roof configuration 

supports robotics operability from multiple 

angles, with overlapping elements and joint 

considerations, making it applicable for robotic 

operation. The roof’s assembly logic corresponds 

with the human-robot collaboration (HRC) 

scenario where human agents assist in material 

bending, joint installation and the adjustment 

process following post-joint placement and 

bending calibration, while robots execute pre-

planned placement and handling tasks.  

Research Questions 
Building upon our prior research, this paper will 

answer the following key questions: 

1. How can we incorporate robotic fabrication 

technologies in bamboo construction? 

2. What are the opportunities and challenges 

of human-robot collaboration (HRC) in 

bamboo construction? 

To address these, we propose an HRC workflow 

consisting of 1) Parametric design and 

optimisation of double surface-curved hyperbolic 

paraboloid surface following Indonesian 

traditional roof typology, 2) Development of 

adaptive joinery systems that are compatible with 

our robotic assembly workflow, and 3) Fabrication 

logic and setup, including adaptive end-effectors, 

human-robot task allocation for material 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

handling. The HRC strategy was chosen because 

it is suitable for the nature and challenges of 

bamboo construction. It facilitates human 

assistance, especially in joint installation. 

Related Work and Literature Review 
Robotic technologies have been increasingly 

integrated into the bamboo fabrication, as 

demonstrated in recent research (Figure 3) for 

robotic milling and cutting (Mimendi et al., 2022) 

(Klemmt et al., 2018)Robotic 3D Scanning to study 

bamboo mechanical properties and digitization 

(Lorenzo et al., 2020, 2017),  (Amtsberg and 

Raspall, 2018), and robotic marking of bamboo 

poles for efficient cutting (Kladeftira et al., 2022). 

For assembly purposes, research has 

demonstrated the use of robotic bending of 

bamboo (Lochnicki et al., 2021) (Yang and Xu, 

2021), and robotic weaving techniques (Brugnaro 

et al., 2016). Only a limited number of comparable 

studies have used wooden sticks in robotic 

assembly, augmented-assisted and HRC 

scenarios (Vasiliki et al., 2024) (Mitterberger et al., 

2022), offering approaches that are applicable or 

adaptable for similar materials like bamboo. 

Based on this review, however, we highlight that 

robotic technologies remain underutilised in 

bamboo materials, especially for robotic assembly 

processes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 

Robotic 

Fabrication in 

Bamboo material 

identified in the 

literature review 
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Our study aligns with the extended trajectory 

of recent studies in HRC for adaptive material 

assembly. Lochnicki et al., (2021) demonstrated a 

lightweight active bending bamboo bundle 

structure with self-weight and gravity forces of 

distributed mobile robot systems. Vasiliki et al., 

(2024) Showcased a cooperative augmented 

assembly method for on-site fabrication of 

complex reciprocal timber structures, 

emphasising better incorporating intuitive human 

actions with robotic fabrication. A similar HRC 

approach is also conducted by Mitterberger et al., 

(2022) For assembling a wooden structure with 

rope joints. Both studies showcased the role of 

robots as collaborators with humans to operate 

intricate joinery execution. However, neither of 

these studies incorporates the bending process or 

material manipulation on the active bending 

structure with joint installation within a robotic 

cooperative assembly scenario.   

Our prior systematic literature review 

indicates that research on manual techniques in 

bamboo construction remains more prevalent 

and practical compared to studies on robotic 

fabrication (Mansuri et al., 2023). Nevertheless, 

our earlier work proposed and demonstrated the 

feasibility of a design-to-fabrication framework 

for the automated assembly of bamboo roof 

structures (Mansuri et al., 2024). Following these 

initial studies, we are progressing in validating 

this approach to our proposed framework  

 

 

 

 

 

 

 

 

 

 

 

 

Through a design-to-fabrication approach and 

continuously refining the HRC methodology 

through testing, demonstrating, and 

experimenting with physical prototypes. 

Research Gap 
The research gap and novelty in this study are 

that no prior experiment has investigated the 

assembly process for material manipulation or 

intervention for bamboo active bending 

structures that integrate bending and jointing 

execution through collaborative robotic 

technologies for intuitive human-robot assembly. 

The main challenge lies in the lack of an 

automated or adaptive joint design system 

compatible with the robotic assembly's 

procedural and linear process, challenging 

seamless integration of bending operation and 

joint installation. Furthermore, research on 

human-robot collaboration in craft-based 

construction is still underexplored, especially for 

non-standard materials like bamboo.  

METHODOLOGY 
The methodology integrates a design 

workflow that combines algorithmic form-finding, 

structural optimisation, and fabrication-aware 

digital modelling to facilitate robotic fabrication 

within a human-robot collaboration (HRC) 

framework (Figure 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 

Design to HRC 

assembly 

workflow 
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Algorithmic form-finding and 
structural optimisation 

The computational modelling approach 

utilised in our prototype and framework is a 

parametric design strategy. These include form-

finding, structural analysis, and joint 

customisation. The process starts by identifying 

and understanding the traditional Indonesian 

roof house's basic typology and shape rules. The 

form-finding process uses Kangaroo to generate 

a mesh surface, and structural analysis and 

optimisation are simulated with Karamba3D. 

Following the design principle of roof 

dimensional typology, we set the proportion of 

the roof shape by following the original roof 

composition. We investigate a post-design 

rationalisation process and examine the 

relationship between mesh shape form-finding, 

curvature variation, and the spacing frame 

distance distribution within the roof structure 

toward structural performance utilised in 

Karamba3D (Figure 5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

These parameters are processed with 

Galapagos, an evolutionary genetic algorithm to 

explore structural performances for two-objective 

optimisations: minimising displacement values 

and reducing material usage. We evaluate 

multiple design iterations to identify forms that 

best respond to structural requirements and the 

role of curvature variations of the top roof for 

structural optimisation (Figure 6)  

 

Robotic Fabrication Setup 
To verify the practicality of our workflow, we 

employ UR10e to test and demonstrate it at a 

reduced scale within the robot's reachability. 

UR10e is chosen for its safety and collaborative 

nature, allowing it to work safely with humans, 

and enabling first-stage prototyping without 

complex protocol infrastructure. For a 

collaborative purpose study, it facilitates a secure 

environment for human participation during 

initial experimentation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 

Form-finding to 

generate surface 

relaxation for 

fabrication-aware 

geometry 

Figure 6 

Structural analysis 

and optimisation 
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A customised 3d printed end-effector (gripper) is 

created to grasp bamboo rod elements in 

different diameters. We attach rubber-like soft 

gripper material for an adaptable grip to 

accommodate bamboo morphological variability. 

For material handling, robotic systems operate for 

several key tasks, including gripping, positioning, 

and assembling by holding the bamboo 

elements. The toolpath planning and robotic 

movement coordinates are generated in 

Grasshopper, based on the middle point 

coordinate of each unit. The loop assembly 

facilitates seamless handoff and task-sharing 

between robots and human operators (Figure 8).  

The prototype testing phase comprises 

several key stages. Firstly, initial calibration and 

setup verification are conducted to ensure that 

the gripper is accurately calibrated, particularly 

for pick-and-place tasks involving precise 

material pickup from the feeding station. 

Secondly, the alignment accuracy of robotic 

fabrication placement must correspond with the 

elements manually placed initially, ensuring that 

the subsequently robotically placed element 

aligns with the targeted position. A tablet-based 

AR device assesses the congruence between 

physical units and the digital model. Thirdly, AR 

visualisation is employed for element tracking 

and assembly progress registration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Human-robot Collaborative workflow  
Initially, a set of pre-cut and measured bamboo 

stick materials is prepared. The unrolling and 

labelling of each unit are codified and generated 

in Grasshopper to guide material preparation. The 

main frame and footing are placed initially, 

followed by subsequent units assembled through 

Human-robot collaboration (HRC) loops. In each 

sequential loop, the robot executes the pick-and-

place task to position the bamboo element in 

targeted coordinates. It then pauses to stabilise 

and hold the unit in place, allowing the human 

collaborator to perform manual bending and joint 

installation.  

For the bending operation, we consider two 

distinct scenarios corresponding to different 

stages of the assembly process. For the reduced-

scale prototype, bending is manually executed by 

a human collaborator assisted by robotic holding.  

Given the smaller diameter of the bamboo rods 

on this scale, manual bending is achievable and 

requires minimal force. In contrast, for the 

extended scale and larger diameter bamboo rods, 

manual bending necessitates a steam-based 

application or material treatment to soften the 

bamboo. Alternatively, in a more advanced 

scenario, a dual robot setup may perform the 

bending operation within the robot-controlled 

and programmed force.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 

Fabrication data, 

human-robot task 

segmentation, and 

distribution 
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However, the choice of bending techniques 

depends on the assembly logic scenario and 

bamboo system typologies, as a specific 

configuration may require tailored bending 

operations. During the bending execution, 

humans handle joinery installation and intuitive 

decision-making, while robots accurately position 

the bamboo units. Human interaction is crucial at 

this stage for manual bending and adjustment to 

fine-tune joint operation to ensure that the 

bending curvature level is accomplished based on 

the intended design while inspecting the joint 

installation. AR-tablet-assisted tools will inform 

and assess real-time visual feedback for 

communication and synchronisation between 

physical and digital design. As the final step, 

humans participate in fine-tuning 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

joints for post-assembly refinement and post-

stabilisation inspection. 

Digital-Physical Feedback Loop in HRC 
In the proposed HRC workflow, human agents 

play an essential role in programming robotic 

toolpath generation to control the motion 

trajectory of robotic operation, execute manual 

bending while installing the joint and verify 

alignment accuracy. Our current workflow's main 

objective is testing the collaborative sequencing 

of the human-robot task process and 

implementing AR tools for automated inspection 

for a physical-digital feedback system, such as 

AR-tablet bending-assisted guidance and AR for 

overlays for joint positioning, which are critical to 

maintaining assembly accuracy.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 

Human-robot task 

exchange loop 

diagram 

Figure 9 

Experimental 

Robotic 

Fabrication Setup 
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RESULT & DISCUSSION  
This section summarises the prototype's key 

findings, challenges during HRC assembly, future 

work, and broader implications for real-world 

practical bamboo construction applications.  

 

Prototype performances & challenges 
In the prototype performance, we asses that 

accuracy is the encountered factor due to material 

irregularities. In addition, the bending consistency 

may vary as we still employ human operators for 

bending experiments during robotic holding. The 

adaptive joinery systems are tested during active 

bending to assess structural stability. We analysed 

that the strength of the joint installation factors 

improves the curvature bending accuracy by 

effectively holding the joint in place during the 

robotic handling and bending process. With 

manual joinery installation techniques in our 

workflow, the assembly process allows humans to 

adjust the connection manually for better 

adaptability during HRC processes.  

Another challenge in our design experiment is 

robotic limitations. Customized 3D printers are 

created in different sizes and diameters, making 

the gripper for various diameters, reducing 

effectiveness for repeatability. Furthermore, the 

coordinate toolpath deviation occurred during 

robotic assembly due to the deflection of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

assembly units, and the next work will develop 

an adaptive gripper with a soft surface or 

adjustable finger to overcome this challenge. The 

calibration and testing of the robot multiple times 

are required to improve robotic placement 

accuracy, especially when working with units with 

unique and varying directions and orientations. 

Additionally, we encountered limitations for 

robotic arms' reachability, as our prototype has 

two sides of the surface, and the static UR10e 

position only allows limited reachability and 

distance for robotic assembly. However, we adapt 

this limitation by scaling down the prototype size, 

and the employment of the mobile platform in 

the future will be beneficial in increasing the 

robot’s capability.  

To assess the result (Figure 11) of our HRC 

workflow, we identified several key aspects that 

need to be evaluated and improved: 

1. Disparities identification. The digital 

simulation and physical outcomes of the post-

assembled structure will be compared to 

evaluate the bamboo prototype's inaccuracy, 

particularly after post-structure stabilisation 

and joint tightening. The elements' 

misalignment must be analysed to determine 

their causes: joint stability, translation shifting 

during bending, or the influence of active 

bending material behaviour. 

Figure 10 

Assembly Logic 

sequence 
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2. Bending Consistency. We will compare 

manual and AR-tablet-assisted techniques to 

determine which is more adaptive to our 

workflow.  

3. Joinery Fitness. To evaluate the joint 

installation's performance, AR-assisted tools 

detect the mismatched coordinate for the 

desired curvature and the shifting or moving 

joint location, particularly deformation during 

the bending operation. 

4. Scalability. To verify that our workflow is 

effectively feasible for scaling up the 

prototype size, future work is suggested to 

employ an industrial robot or multi-robot 

coordination and a more robust integrated 

sensing system. 

Limitations and Future Work 
Future work will focus on general 

performance evaluation in the subsequent 

research stages. This includes quantitative metrics 

such as assembly time, positional assembly 

accuracy, and error rates to validate the 

effectiveness of the HRC assembly workflow. 

Future enhancements of the workflow will  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

incorporate digital tools such as augmented 

reality overlays for real-time joint fitting and 

positional tracking to evaluate intended digital 

geometry with physical assembly, anticipating 

error detection and decision-making in real-time.   

 

CONCLUSION  
The study demonstrated that material 

digitalisation significantly optimises bamboo 

design for digital construction. The adaptability 

from traditional to digital construction of bamboo 

material can be achieved by combining human 

expertise with robotic fabrication to enhance 

efficiency without losing traditional knowledge. 

Furthermore, the adaptive joinery approach 

opens broader research for scalable and 

customizable design, ensuring better 

compatibility with robotic assembly. Developing 

standardised workflows for bamboo robotic 

fabrication demonstrated increased accuracy and 

feasibility.  By continuously refining the workflow 

with better integration of sensor systems and 

multi-robotic systems, future implications for the 

broader context will increase the adaptability of 

the HRC workflow and its robust potential 

adoption for real-world practical bamboo 

construction. 

 

Figure 11 

Physical 

prototype 
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