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Architectural Intelligence

Enhanced interactive AR bricklaying: 
elevating human–robot collaboration 
in augmented reality assisted masonry design 
and construction
Weichen Zhang1,2*    and Pierpaolo Ruttico2 

Abstract 

Enhanced interactive AR bricklaying aims to combine human intelligence with robotic precision, enhancing creativ-
ity while addressing the inherent situation that the conventional robotic construction process are not well adapted 
to uncertainty. In conventional interactive brick-laying workflows, the design and construction phases are separate. 
Augmented Reality (AR) assists humans in completing parametric form designs, after which robots precisely execute 
the bricklaying process. However, this method demonstrates a low level of human–robot interaction, failing to fully 
harness the potential of AR in enhancing interactivity. This study first conducts a comparative experiment to evaluate 
a more interactive workflow, where design and construction phases alternate, against the conventional workflow. It 
examines the impact, limitations, and potential of human involvement in a linear robotic construction process. Based 
on this analysis, a construction case uses an AR system with a higher degree of interactivity. The system redistributes 
tasks between humans and robots, informed by the findings of the comparative experiment. The new workflow 
facilitates the construction of a brick wall, composed of large engineering bricks without mortar, measuring 7 m 
by 1.8 m, and featuring an inclined pattern. AR-guided interaction enables humans to guide robotic construction 
of a simple structure without relying on simulations or obstacle avoidance path planning. The discrepancies observed 
between design and final construction outcomes highlight the role of human intelligence, further validating the sig-
nificance of enhanced interactive construction as a promising approach.

Keywords  Augmented reality, Mobile robot, Human robot interaction, Interactive design, Robotic bricklaying

1  Introduction
The construction industry’s productivity growth is com-
paratively slow in recent years, especially when meas-
ured against other manufacturing sectors (Mitterberger, 
2022). A significant factor contributing to the industry’s 
low sustainability is its limited automation (IPCC, 2023). 
However, integrating digital fabrication methods into 
architectural and engineering design practices reveals 
considerable potential for enhancing productivity and 
minimizing environmental impacts (Dörfler, 2016).

Over the past decade, the AEC (Architecture, Engi-
neering, and Construction) sector experiences substan-
tial advancements in robotics manufacturing, leading to 
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numerous new design opportunities (Cai, 2019). Despite 
these advancements, most research remains largely con-
fined to academic institutions and research laboratories, 
where it stays at the experimental prototype stage (Liang, 
2021;  Soto, 2020). The working environments, materi-
als, and processes involved are typically well-defined and 
predictable, resulting in linear construction processes for 
robots (Mitterberger, 2022).

A defining characteristic of the construction industry is 
the complexity of its design and construction processes 
(Mitchell, 2005; Dörfler, 2018). This inherent complex-
ity renders linear and predictable robotic construction 
methods inadequate. Nonetheless, integrating human 
tacit knowledge into the precise linear cycles of robotic 
construction promises to leverage human intelligence to 
navigate these complexities (Mitterberger, 2022). This 
concept, emphasizing human involvement in robotic 
construction, is termed interactive fabrication (Willis, 
2010) and is primarily facilitated through Augmented 
Reality (AR) technology (Kaarlela, 2022).

AR is introduced in 1997 and is defined as "the real-
time integration of 3D virtual objects into a 3D real envi-
ronment" (Azuma, 1997). Given that over 65% of human 
information acquisition comes from visual sources, the 
potential of AR is strikingly clear (Chen, 2019). In recent 
years, the practical applications of AR show remarkable 
promise across a variety of domains, including education, 
design, manufacturing, construction, and entertainment 
(Chi, 2013).

In architectural engineering, AR is extensively utilized 
(Wang, 2009). For instance, integrating Building Infor-
mation Modelling (BIM) with AR leads to more intuitive 
project management approaches (Meža, 2014). Further-
more, AR is directly applied within digital construction 
processes, categorized into 3D holographic teaching, AR 
data sharing, and AR for facilitating human–machine 
interaction (Song, 2021).

Numerous studies confirm the feasibility of using AR to 
guide artisans in manual fabrication tasks (Mitterberger, 
2020). Research also explores the role of AR in facilitating 
human–robot interaction during interactive construction 
tasks such as wood milling and assembly (Kyjanek, 2019), 
plastering (Mitterberger, 2022), bricklaying (Song, 2023), 
and grinding (Zhang, 2023; Zhang, 2024), highlight-
ing the significant value of AR in robotic construction 
processes. However, in these studies, a separation exists 
between the design and robotic construction phases, 
with AR being employed for design prior to the robotic 
construction stage. This sequential approach does not 
fully leverage human intelligence in the linear robotic 
manufacturing process.

Integrating AR systems more extensively into 
robotic construction, thereby enabling greater human 

intervention, facilitates more intuitive and streamlined 
supervision and control of robots (Alexi, 2024). Exist-
ing studies on robotic wood processing explore how AR 
can foster more interactive settings and assist with task 
allocation during processes such as cutting (Kyaw, 2024), 
drilling (Wang, 2023), and assembly (Alexi, 2024; Rogeau, 
2024). However, the accuracy of AR platforms poses sig-
nificant challenges to many AR-driven manufacturing 
workflows (Kyaw, 2024).

Different processes have varying tolerance require-
ments for AR systems. Strategies to address these chal-
lenges include enhancing precision through specialized 
AR configuration methods (Kyaw, 2023) or minimizing 
the likelihood of errors introduced by AR, such as opti-
mizing construction performance by assigning AR tasks 
to areas less prone to inaccuracies.

This study aims to explore the impact of higher levels 
of human interaction in robotic bricklaying and further 
examine the appropriate balance of interaction and task 
allocation between humans and robots in AR-assisted 
robotic construction tasks involving the picking and 
placing of large, coarse bricks.

2 � Literature review
The practice of robotic bricklaying begins with the 
Structural Oscillations project at the Venice Architec-
tural Biennale in 2007. Later, the introduction of a mov-
able base expands the scope of brick wall construction 
(Giftthaler,  2017; Dörfler, 2016). When AR is applied to 
bricklaying activities, it enables the manual construc-
tion of parametric brick walls (Mitterberger, 2020). The 
Angelus Novus Vault project by CERCAA in Venice even 
demonstrates the potential for hand-crafted brick shell 
structures. Additionally, studies on AR-assisted robotic 
bricklaying have emerged (Song, 2023). However, current 
research often separates design from construction.

Recent research on wood fabrication explores how AR 
can enhance human–robot interaction during robotic 
construction processes. For example, the Unlog Tower 
project integrates gesture recognition with a mixed real-
ity (MR) interface, advancing feedback-based human–
robot collaboration. This enables the fabrication of 
composite materials like glued laminated timber and 
metal (Kyaw, 2024). However, in this study, MR primarily 
supports material positioning, recognition, and calibra-
tion, rather than directly assisting robotic control or task 
allocation.

The Cooperative Augmented Assembly project devel-
ops a mobile-based AR application linking geometric 
information with manufacturing attributes. This allows 
users to adjust task allocation intuitively throughout the 
fabrication process, enabling collaborative assembly of 
complex timber structures between humans and robots 
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(Alexi, 2024). However, this study relies on prior struc-
tural performance simulations to ensure stability. Moreo-
ver, the lightweight timber rods used are rarely applied in 
real-world construction, and the significant human inter-
vention required may not be feasible on actual construc-
tion sites.

The A-TREE project uses HoloLens GUI and ArUco 
markers to optimize drilling targets in real time. This 
MR-assisted robotic drilling setup is an important step 
for designing and constructing lightweight timber struc-
tures (Wang, 2023). However, this study focuses solely 
on robotic drilling tasks and lacks a systematic approach 
across the entire workflow.

In another study, timber frame assembly tasks leverage 
MR devices to combine human flexibility with robotic 
strength and precision, exploring various levels of inter-
action between robots and humans to achieve collabora-
tive timber joint assembly (Rogeau, 2024). However, the 
fixed base of the robot limits its working range, and the 
size of the constructed structures is constrained. When 
robots and humans need to coordinate in large-scale 
environments with complex positional relationships, the 
algorithm-based task allocation methods used in this 
research show certain limitations.

The research presented in this paper explores AR-
assisted human–robot collaboration in large-scale, 
mobile robotic spatial assembly. It replaces structural 
performance simulation and robotic obstacle avoid-
ance path planning with human intelligence and inves-
tigates a robotic bricklaying method using large, rough 
bricks commonly employed in real engineering projects. 
Bricklaying tasks, which involve standardized materi-
als, offer significant potential for alternating design and 
construction processes due to the controllable nature of 
the materials (Collinson, 2013). This approach utilizes 
human flexibility (Wang, 2023) while harnessing the pre-
cision and labor substitution capabilities of robots, free-
ing humans from hazardous tasks and enabling them to 
engage in creative processes (Takayama, 2008). Conse-
quently, AR-assisted robotic brick construction holds 
considerable potential for development.

To deepen the level of interaction between humans 
and robots and maximize human intelligence in linear 
robotic tasks, this study conducts a comparative experi-
ment using bricklaying tasks. It compares two interactive 
construction methods: "design after construction" and 
the more interactive "alternating design and construc-
tion." The experiment analyzes changes in construction 
goals, experiences during the process, and the accuracy 
of results as interactivity increases.

Building on the findings from this experiment, this 
research completes the design and construction of 
a parameterized brick wall with an 8-m-long sloped 

pattern. This method neither follows "design after con-
struction" nor "alternating design and construction." 
Instead, while the design is pre-completed, it is adjusted 
during highly interactive construction to create a form 
better suited to the environment and with improved 
structural performance.

In conclusion, this study discusses how to allocate 
specific tasks during design and construction between 
humans and robots in highly interactive activities. It 
assigns functions based on the strengths of human flex-
ibility and robotic precision under high loads, establish-
ing a more effective robotic construction method.

3 � Methodology
This research develops an enhanced interactive con-
struction workflow. The workflow is first applied in a 
comparative experiment between general and enhanced 
interactive bricklaying, where two methods with varying 
degrees of interactivity are used to design and construct 
a parametric brick wall (Zhang, 2025). Based on the con-
clusions of the experiment, the workflow’s level of inter-
activity is adjusted by reallocating the roles of humans 
and robots in the process, followed by the construction 
of a large-scale brick wall using real engineering bricks. 
While the comparative experiment and the construction 
case study follow a similar workflow, they use different 
software, hardware, and construction materials.

3.1 � Comparative experiment setup
The experiment materials included several small-scale 
wooden blocks (80 mm * 40 mm * 20 mm) and a brick-
feeding ramp device.

For hardware, the primary tools used were an iPhone 
8 Plus and HoloLens 2 as the input and output devices 
for augmented reality. A Schunk pneumatic gripper 
was employed to grasp the bricks, operated by a UR10e 
robotic arm. Additionally, a laptop was used to adjust 
and connect all the devices. All devices were linked to the 
same IP address within a shared Wi-Fi router network.

Regarding software, the experiment was conducted 
using Rhino and Grasshopper as the primary platforms, 
alongside the Robots and Fologram plugins. Robots was 
used to control the robot’s movement path, speed, and 
types of motion, as well as to send script commands for 
opening and closing the gripper. Fologram was used to 
project virtual 3D models onto the hardware devices and 
to recognize user inputs generated through hand gestures 
or screen taps.

The tasks completed in the experiment can be gener-
ally categorized into three types: localization, interactive 
design/control, and fabrication. The software and hard-
ware used to accomplish each task type are shown in the 
following figure (Fig. 1).
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3.2 � Construction case setup
For construction materials, large-scale engineering bricks 
(300  mm * 250  mm * 190  mm) were used, with each 
brick weighing 13  kg. Additionally, a parametric base 
(Fig.  2) was fabricated using CNC-cut wooden panels 
to enable the inclined pattern of the brick wall. To facili-
tate brick feeding for the mobile robot, a movable pallet 
was constructed to move in sync with the robot. A cus-
tom marker from FANUC was placed on top of the pallet 
to help the robot’s vision system determine the relative 
position of the robot’s base coordinates.

Specifically, the hardware configuration of this system 
can be divided into the rover, the robot, the computer 
vision system, and the AR interaction system.

The robot system is centered around the collabora-
tive robotic arm Fanuc CRX-25iA, which has a maxi-
mum payload capacity of 30 kg and a maximum reach of 
1890 mm. The robot controller used is the Fanuc R-30iB 
Mini Plus, while the end-effector is the Schunk EGU 
60-IL-MB, capable of force control up to 1300 N and 
millimeter-level precision in travel control (Fig.  3). Due 
to the use of large-scale engineering bricks, each of which 
is heavy and has a rough surface, robotic assistance in 
handling the bricks reduces the risk of injury to workers. 
The large size and heavy weight of the bricks are typically 
beyond the capabilities of most collaborative robots and 
electric grippers. Therefore, the hardware used in this 

Fig. 1  Localization primarily involved the use of robots and HoloLens via the Fologram and Robots plugins. Interactive control/design mainly 
utilized HoloLens and iPhone via the Fologram plugin. Fabrication primarily employed robots via the Robots plugin

Fig. 2  Configuration of parameterized base (left), CNC machining of parameterized base (mid), Painting of parameterized base (right)
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study is designed with higher specifications to meet these 
demands.

The rover, integrated by Sigma Engineer, features a 
dual control system comprising manual remote control 
and autonomous navigation. Its power system consists of 
four independently driven wheels and individual steering 
motors, enabling various types of movement: traditional 
four-wheel steering, parallel wheel movement for pre-
cise translational motion, and in-place rotation with zero 
turning radius for changing direction (Fig. 4). Compared 
to other locomotion types, such as tracked systems, this 
method is more flexible and efficient; however, the stabil-
ity of the rover decreases under high payload conditions. 
The rover is also equipped with LiDAR sensors and ste-
reo cameras (Fig. 5), which can be used for point cloud 
mapping or object detection in the environment. Since 
the construction was carried out at an exhibition, the 

Fig. 3  Robot system configuration: (A) Engineering bricks, (B) Rover, 
(C) Schunk EGU 60-IL-MB, (D) Fanuc CRX-25iA, (E) Fanuc R-30iB Mini 
Plus

Fig. 4  Three types of rover movement

Fig. 5  Stereo cameras on rover
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limited space and high foot traffic made the aforemen-
tioned more flexible and safer type of rover the optimal 
choice.

The computer vision system utilizes the Fanuc iRVision 
2D vision system (Fig. 6), which achieves precise spatial 
calibration by detecting the displacement of the cam-
era coordinate system through recognition of FANUC-
customized marker codes. Overall, the computer vision 
system in this study serves to enhance the accuracy of 
augmented reality by providing corrective adjustments.

The AR interaction system employs an iPhone 8 Plus 
and HoloLens 2 as augmented reality input and output 
devices. The HoloLens 2 integrates an environmental 
camera, IMU (Inertial Measurement Unit), and depth 
sensor to enable spatial positioning, gesture tracking, and 
object recognition.

For software, the setup relied on Rhino and Grass-
hopper, using the Robots, Furobot, Fologram plugins 
and custom C# components. Robots and Furobot were 
used to simulate and control the robot’s movement path, 
speed, and motion types, as well as to integrate robot and 
PLC script commands for controlling the gripper and 
the computer vision system. Custom C# components 
were used for communication between the computer 
and robot PLC. Combined with the Wi-Fi on the rover 
and the relevant configurations pre-set on the robot PLC, 
this enables bidirectional reception and transmission of 
various data between the Grasshopper platform and the 
robot. The relevant configurations on the robot PLC were 
implemented by Sigma Engineer as part of the rover’s 
setup. Fologram was utilized to project virtual 3D models 
onto the hardware devices and to detect user inputs gen-
erated through hand gestures or screen taps. Fologram 
can convert user interactions with virtual geometries into 

changes in Boolean values, which are then used as input 
values for C# components. This allows the user interac-
tion behavior to control the robotic motion.

The tasks in the case study, similar to the comparative 
experiment, were categorized into three types: localiza-
tion, interactive design/control, and fabrication. The soft-
ware and hardware used for each task type are illustrated 
in the following figure (Fig. 7).

Regarding safety protocols for accident prevention dur-
ing operation, the rover adheres to the European autono-
mous vehicle safety standard (EN3691-4, 2023). A safety 
laser scanner is installed on the rover to detect potential 
collision risks, ensuring it stops before colliding with 
other objects. The robot, as a collaborative robot, com-
plies with the (EN  ISO10218-1, 2025) standard and the 
technical specification (ISO/TS15066,  2016), allowing it 
to work alongside humans in the same shared space with-
out the need for additional protective measures.

4 � Comparison experiment between conventional 
and enhanced levels of interaction

4.1 � Preparatory operations
Before initiating the process, it is crucial to align the AR 
environment with the physical setting and establish a ref-
erence plane. The alignment begins by manually adjust-
ing the robot’s Tool Center Point (TCP) to coincide with 
the reference plane. A custom component is then used 
to relay the TCP’s current position back to the computer, 
where the data is saved. By repeating this process at sev-
eral points along the reference plane, the system calcu-
lates its exact position. The alignment between the virtual 
and physical environments is generally achieved by plac-
ing a QR code at a designated location, which the AR 

Fig. 6  iRVision 2D camera (left), Installation of camera on robot (right)
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device recognizes (Fig.  8). Additionally, Fologram offers 
manual fine-tuning options in its settings to enhance 
precision.

To minimize errors from overly sensitive AR gesture 
recognition, the entire workflow is divided into distinct 
steps. Only the AR recognition for the active step is ena-
bled at any given time. To switch between steps, a series 
of interactive virtual buttons were created for this study, 
each labeled with its respective function. A red button 
indicates inactivity, while green indicates an active state 
(Fig. 9).

4.2 � Conventional level of interaction
In the interactive control phase (Fig.  10), the process 
unfolds as follows: (1) The user begins by drawing a 
basic curve using hand gestures, with the HoloLens 
tracking the hand’s movement and recording a series 
of points. The curve is then generated by connecting 
these points. (2) After the curve is created, the user can 
refine its shape by manipulating control points along 
the curve. (3) A second curve is automatically gener-
ated at a specified height, which, together with the ini-
tial curve, forms a surface through lofting. This newly 
created curve also has adjustable control points, allow-
ing further customization of the surface’s shape. (4) 
Once the surface is satisfactory, a parametric brick wall, 

Fig. 7  Localization involved the use of computer vision system and AR devices via the C# component and the Fologram plugins. Interactive control 
mainly utilized AR devices and robot via the Fologram plugin and the robots/furobot plugin. Fabrication employed robots in same way

Fig. 8  Align virtual and real environments by scanning QR codes and manually align virtual and real environments
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consisting of bricks sized accordingly, is automatically 
generated based on the surface. Users can preview the 
brick wall and continue to adjust its shape or param-
eters, such as brick spacing, by moving control points 
until the final configuration is reached. (5) When the 
design phase is complete, the user clicks the "construc-
tion" button to initiate the robot’s operation.

4.3 � Enhanced level of interaction
In enhanced interactive construction, the control and 
construction phases alternate layer by layer (Fig.  11): 
(1) The process begins in the interactive control phase, 
where the user draws the initial curve using gestures. 
(2) The curve’s shape is then refined by adjusting con-
trol points. (3) Based on this curve, bricks for the current 
layer of the wall are generated, and parameters such as 
brick spacing are adjusted. (4) Once confirmed, the robot 
places the bricks in their designated positions. (5) After 

Fig. 9  AR button controls switching between asynchronous steps

Fig. 10  The design and construction process of conventional interaction level
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construction of a layer is complete, the system registers 
the built layer and generates the next layer of bricks in 
augmented reality. By default, each new layer starts with 
the same configuration as the previous one. (6) The user 
can then observe the built portion, adjusting the shape of 
the new layer by manipulating control points and repo-
sitioning bricks to ensure that changes to the wall’s form 
do not compromise its structural stability. This demon-
strates the value of human input in fine-tuning the oth-
erwise linear robotic construction process. (7) Once the 
new layer is adjusted, the construction continues, with 
this cycle repeating until all layers are completed.

4.4 � Discussion of comparison experiment
To compare the characteristics of varying interaction 
levels in construction methods, this study conducted a 
qualitative analysis of the two approaches. Data collec-
tion and evaluation were conducted using the method 
of participatory observation. The authors, along with 
two other researchers with backgrounds in architecture 
and robotic construction, used the system to complete 
the construction tasks. Based on their observations 
of the robots’ performance and the construction out-
comes during the process, they collaboratively dis-
cussed the differences between the two methods. The 
analysis focused on key aspects such as the types of 
construction goals, the experience of the construction 
process, and the accuracy of the final results (Fig. 12).

Fig. 11  The design and construction process of enhanced interaction level

Fig. 12  The construction results of conventional interaction level method (left) and enhanced interaction level method (right)
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In terms of construction accuracy, the conventional 
interactive method, which evenly divides the surface 
into regularly spaced positions for each brick layer, 
leads to consistent variations with neatly aligned brick 
shifts. In contrast, the enhanced interactive method, 
where shape adjustments between adjacent layers are 
manually controlled, produces more unpredictable 
results in terms of accuracy.

From the perspective of user experience during the 
construction process, the conventional interactive 
method combines immersive AR-based design with 
fully automated robot construction. In some cases, 
structural simulations are required beforehand to 
ensure stability. On the other hand, the experience of 
the enhanced interactive method differs significantly, 
as each layer’s shape is individually determined. This 
process is less efficient but allows for greater user 
involvement and control over the construction.

Regarding the types of construction objectives, 
the conventional interactive method is particularly 
well-suited for linear parametric brick walls, where 
precision is critical and the robot’s accuracy can be 
fully leveraged. Conversely, the enhanced interactive 
method is less appropriate for such tasks. Excessive 
human intervention reduces construction accuracy, 
leading to suboptimal gradient effects in linear brick 
walls (Table 1).

Based on the above comparative analysis, sev-
eral key insights can be drawn: First, predefining the 
shape design is essential to achieve a cohesive overall 
form. Second, to enhance user engagement during the 
construction process and thereby reduce the need to 
account for uncertainties during the design phase—
such as determining placement sequences and ensur-
ing structural stability in complex patterns—adopting 
an interactive control logic during construction is nec-
essary. Finally, to further demonstrate the benefits of 
a more interactive robot control method, it is crucial 
to build more complex brick patterns and to complete 

large-scale 1:1 construction using real materials. Con-
sequently, this study proceeded with a follow-up con-
struction case.

5 � Construction case
This construction case presents an AR-assisted method 
for laying bricks using a mobile robot to construct an 
inclined-pattern brick wall. The system is an interac-
tive mobile robot brick-laying approach, where the wall’s 
form is pre-designed. Architects and workers can lever-
age human flexibility by using gesture-based controls to 
intuitively guide the mobile robot in executing large-scale 
brick-laying tasks on-site. This method replaces the need 
for structural stability simulation when the structural 
complexity is low, as well as the automatic planning of 
the robotic obstacle avoidance movement path, by incor-
porating human intelligence into the process.

Based on the conclusions drawn from the comparative 
experiments in the previous section, this construction 
case set the task as constructing a full-scale brick wall 
using large-sized engineering bricks. Unlike the experi-
mental bricks used in other studies, each brick in this 
instance weighs 13 kg, has a rough and uneven surface, 
and exhibits low standardization, making it difficult to 
handle manually. Additionally, the bricks are placed on a 
parametric base, forming a unique inclined pattern, and 
the wall is constructed through dry stacking without the 
use of mortar. The wall spans 7 m in length and reaches 
a height of 1.8  m. The large-scale construction further 
requires the robot to move continuously and reposition 
itself accurately multiple times.

To achieve these objectives, the system was improved in 
three key aspects: the development of a large-area locali-
zation system that integrates AR with computer vision 
technology for complex environments, the transforma-
tion of the AR control interface from 2D buttons to a 
3D spatial interaction interface, and the deployment of a 
higher-load collaborative robot paired with a mobile base 
equipped with autonomous sensing capabilities (Fig. 13).

Table 1   Comparison of Characteristics between Conventional Interactive Method and Enhanced Interactive Method

Conventional interactive method Enhanced interactive method

Construction accuracy High accuracy Unpredictable accuracy

Consistent variation Irregular variation

User experience Fully automated robot construction after AR assisted design Alternating between AR assisted design 
and robot construction

High efficiency Low efficiency

Lower user involvement Greater user involvement

Require pre structural simulation User determines structural stability

Construction objective Suitable for linear parametric brick wall Unsuitable for linear parametric brick wall

Achieve smooth gradient form Bad gradient form
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5.1 � AR based localization and control system
In this project, an AR-based operating system was pri-
marily used to achieve localization and control functions. 
By tracking QR codes, the positions of the robot, wall, 
and pallet in the real world were transferred into the vir-
tual world in the computer. Considering the construction 
scenario in this paper, in order to ensure that the QR code 
is neither too small to be accurately recognized nor too 
large to obstruct the construction process, its size is set 
to a square with a side length of 18 cm. Additionally, the 
system provided a virtual interactive interface through 
which users could select bricks to pick and place, make 
fine adjustments to the brick positions, define interme-
diate points to avoid singularities, and control different 
stages of the robot’s operation.

5.1.1 � AR‑based localization
The QR code recognition and localization system used in 
this project employed two methods for positioning. The 
first method aligned the virtual world coordinates with 
QR codes in the real world, while the second method 
imported the coordinates of the real-world QR codes into 
the virtual world.

Both methods rely on the Fologram plugin platform, 
which locates multiple markers within a given workspace 
or on the workpiece, providing well-defined spatial loca-
tion data to enhance the accuracy of holographic projec-
tions in AR. Kyaw et  al. provide a detailed explanation 
of the workflow of this method (Kyaw, 2023; Pollefeys, 
2018). The Twinbuild plugin they used is developed based 
on the same technology and principles as Fologram, uti-
lizing algorithms based on native HoloLens 2 SLAM to 
position a virtual camera in any Cartesian space, ensur-
ing that the digital 3D environment remains fixed relative 
to the moving HoloLens. Additionally, The CAD integra-
tions are used to determine the coordinates of markers 
(QR codes).

For the first method, QR codes were created at several 
coordinate points in the virtual 3D environment on the 
computer. Once created, the generated QR codes were 
printed and accurately fixed at corresponding positions 
in the physical world. When the AR device’s camera 
detected a QR code, the corresponding virtual coordinate 
was aligned with it. In this project, the wall and pallet 
were localized using this method.

For the wall localization, six QR codes (b1 to b6) were 
used, with one QR code placed at the corner of every 
two base sections. The base sections are created through 
precise CNC cutting, and during on-site assembly, they 
are calibrated with a level. The alignment of the QR 
code with the base ensures the accurate relative position 
between the QR codes. These six QR codes are evenly 
distributed along the wall, which ensures that the virtual 
wall was aligned with the physical wall, and regardless of 
where the user moved along the wall, there was always 
a QR code available for recognition, maintaining stable 
alignment (Fig. 14).

The second localization method involves first print-
ing QR codes with corresponding identifiers, and then 
using an AR device to recognize the numbered QR codes. 
When the device detects a specific QR code, it imports 
the coordinate information of that QR code into the vir-
tual environment. In this project, this method was used 
for the localization of the pallet and robot.

For pallet localization, several QR codes such as "p1" 
were utilized. The QR code is fixed at the corner of the 
pallet near the user’s side, ensuring that it will not be 
obstructed by the bricks, preventing it from being unrec-
ognizable. As shown in the diagram, various positions 
parallel to the wall were designated as pallet locations for 
feeding bricks to the robot. The diagram provides three 
representative positions. When the pallet is moved to dif-
ferent locations, scanning its QR code allows the system 
to obtain the pallet’s precise location (Fig. 15).

Fig. 13  The enhanced interactive bricklaying system
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Fig. 14  Align virtual and real walls by identifying QR codes at specific positions in wall corners (left), Position of QR codes: (A) Wall to align, (B) 
Parameterized base (right)

Fig. 15  Determine pallets’ position by identifying QR codes (left), Position of QR codes: (A) Pallets to track, (B) Bricks to be used, (C) Support 
for computer vision marker (right)
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To more precisely localize the robot’s position, four QR 
codes (r1 to r4) were placed on the mobile base in this 
project to determine the robot’s root plane. Furthermore, 
the four QR codes are evenly fixed around the robot on 
the aluminum profile extension strips of the rover’s cover 
plate. This method requires accurately measuring the 
spatial relationship between the robot’s root plane and 
the four QR codes, ensuring that the robot’s position 
can be accurately imported into the virtual environment 
(Fig. 16). During the construction of the rover, the afore-
mentioned considerations were taken into account. The 
rover was designed and assembled using an information 
model, with aluminum profiles added to the cover plate 
for expansion. Markings were made on the aluminum 
profiles according to the corresponding positions of each 
QR code.

It is important to note that the localization of the base 
is closely tied to its movement control method. For the 
functional design of this base, it is possible to pre-assign 
parameters, such as movement speed or direction on 
various segments (Ruttico, 2024). In such cases, the 
base’s movement is guided by a planning algorithm (Park, 
2007), which detects obstacles in real time during move-
ment and controls the base accordingly. However, in this 
study, the base’s movement was primarily controlled 
manually, with the method mentioned above serving as 
an auxiliary approach. The base was manually positioned 
at different stages of the construction process.

5.1.2 � Computer vision system for correcting localization
Although AR-based localization is theoretically highly 
feasible, small drift issues with AR still persist, particu-
larly in complex environments with significant changes. 
Additionally, the mobile base uses flexible wheels, 

which can also introduce errors. Therefore, to ensure 
complete precision in construction, the AR-based 
localization must be further corrected to its exact posi-
tion. To achieve this, the Fanuc irVision 2D vision sys-
tem and a computer vision alignment program based 
on FANUC custom marker codes were used. Sága et al. 
provide a detailed description of the configuration and 
usage of the Camera Calibration Tool, known as the 
"Two-plane method" (Sága, 2020). The operating prin-
ciple of this system in the present study is described as 
follows.

In this study, the robot coordinate correction pro-
cess based on the Fanuc iRVision 2D system primarily 
involves the marker, camera, and robot’s coordinate 
systems (Fig. 15):

•F: Marker coordinate system (fixed, reference coor-
dinate system).

•W: Wall coordinate system (fixed, reference coordi-
nate system).

•Cideal: Camera coordinate system (the relationship 
with the robot position remains unchanged before and 
after offset).

•Cactual: Camera coordinate system after offset.
•Rideal: Robot coordinate system (shifted due to 

movement).
•Ractual: Robot coordinate system after offset.
In the ideal case, the coordinate relationship between 

the camera, robot, and marker is described by the fol-
lowing equation:

•TRFideal​​: The ideal transformation matrix between 
the robot and the marker.

TRFideal
= TRC · TCFideal

Fig. 16  Determine the robot’s position by identifying QR codes (left), Position of QR codes: (A) Robot, (B) Rover to track (right)
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•TRC: The fixed transformation matrix between the 
robot and the camera (constant and unchanged).

•TCFideal​​: The transformation matrix between the 
camera and the marker in the ideal state (known).

When the robot undergoes a shift, the Fanuc iRVi-
sion 2D system identifies the transformation relation-
ship TCFideal​​ between the camera and the marker after 
the shift. At this point, using the fixed relationship TRC 
between the camera and the robot, the transformation 
relationship between the shifted robot and the marker 
can be calculated:

•TRFactual: The transformation matrix between the 
shifted robot and the marker (desired computed result).

•TCFactual: The transformation matrix between the 
camera and the marker after the shift, as identified by the 
vision system.

Throughout the process, due to the fixed physical con-
nection between the robot and the camera, the trans-
formation relationship TRC between the robot and 
the camera remains constant. This relationship allows 
the offset correction process to efficiently compute the 
new robot coordinate position by real-time updating 
of TCFactual, thereby enabling efficient correction of the 
robot’s offset (Fig. 17).

To use this program, a special QR code must first be 
fixed on the pallet (Fig. 16). It is important to note that 
this QR code must maintain an accurate relative posi-
tion to both the wall and the pallet. Since the pallet has 
already been set at a fixed relative position to the wall, 

TRFactual
= TRC · TCFactual

fixing the special QR code at the corner of the pallet 
ensures that its relative position with the other two ele-
ments remains unchanged.

In practice, the first step is to designate the point 
where the marker is located as the initial target point 
in the robot’s movement path, followed by setting a 
pause. Then, the corresponding script code is inserted 
to activate the alignment program. Although the AR 
localization system has minor inaccuracies, the robot 
can still move very close to the marker’s location even 
without alignment (Fig. 18). At this point, the camera 
captures the position of the marker. Through algorith-
mic analysis, the robot’s TCP is adjusted to precisely 
align with the marker. Simultaneously, the entire coor-
dinate system (pallet and wall) is aligned with the cor-
responding real-world objects as the TCP aligns with 
the marker.

This method is relatively easy to implement. How-
ever, it is crucial to ensure the exact relative position-
ing between the wall, pallet, and QR code, which is 
also the main limitation of this system.

5.1.3 � AR‑based mobile robot control system
Using the AR system, this project created a spatially 
interactive virtual user interface. Through this interface, 
users can intuitively complete a series of tasks during the 
construction process using gestures. These tasks include 
step-by-step selection of bricks, fine-tuning the pick-and-
place positions, making the robot’s work process more 
controllable. There are two types of control methods, 
blue for gesture operation control and green for virtual 
button control (Fig. 19).

Fig. 17  Coordinate transformation in correcting offset in computer vision systems
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Using gesture controls, users can select which bricks 
to pick up and define where to place them. Addition-
ally, intermediate points and the home position can be 
defined through gestures, thereby establishing the robot’s 
movement path in a pick-and-place cycle. This method 
eliminates the need for pre-programming to ensure that 
the picking and placing operations follow a sequence 
without repetition or omission. Instead, the operator can 
determine the positions for each operation in real-time.

By using virtual buttons, the robot and the pallet can 
be re-registered after each movement of the rover. More-
over, the start and end of robot tasks can be controlled, 

and before actual execution, the virtual robot’s move-
ment path can be previewed to check for potential col-
lisions or errors. This setup effectively addresses various 
risks associated with robot movement, such as singulari-
ties, collisions, and issues with reachability.

It is important to highlight that the control points for 
the brick placement (choose place pieces) are not only 
used to select the position where the bricks will be placed 
but can also be dragged to fine-tune their position after 
an initial click. This feature is necessary because certain 
sections of the wall exhibit significant changes in slope 
(Fig.  20), and since the structure has not undergone 

Fig. 18  Marker for computer vision system (left), Position to start alignment program (right)

Fig. 19  AR based virtual system with 6 functional cursor elements
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stability simulations and the bricks are rough, human 
inspection and adjustments during construction are 
required to ensure stability. As a result, the final built 
structure may differ to some extent from the original 
design.

5.2 � The entire workflow
To build a special style brick wall using the interactive 
mobile robot control system mentioned above, these 
steps need to be followed (Fig. 21):

Fig. 20  Wall’s significant changes in slope (left), AR assisted manual inspection and adjustments (right)

Fig. 21  Workflow of the system
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5.2.1 � Design of form, base construction, and consequence 
of brick groups

As previously mentioned, the first step involves design-
ing the brick wall, determining the exact placement of the 
bricks, and constructing the base. However, an equally 
crucial step before starting the construction cycle is ana-
lyzing the order in which the entire wall will be built. 
Given that the wall is composed of inclined bricks, the 

sequence in which the bricks are placed is more strictly 
constrained (Fig. 22). There are various ways to approach 
the construction, and this study adopts the method illus-
trated in the figure below.

The placement of bricks within each major construc-
tion cycle is primarily limited by two factors: the posi-
tion of the already placed bricks and the reachable area 
of the robot’s TCP. The chosen method, as shown in the 

Fig. 22  System walkthrough: (1) Divide bricks into groups, (2–1) Locating the wall’s position, (2–2) Positioning the rover, (2–3) Positioning the pallet, 
(3–1) Fine tune the picking position, (3–2) Fine tune the placement position, (3–3) Start simulation, (4) Start construction
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diagram, features the robot moving from one end to the 
other without the need to backtrack. Under these mul-
tiple constraints, the wall’s sections display a distribu-
tion pattern where the ends are more clustered, while the 
middle section is more linear.

It is important to note that the distribution plan shown 
in the figure represents an ideal scenario. This con-
figuration serves as the standard for guiding the robot’s 
movements in subsequent steps. However, there may 
be deviations during actual operation, requiring human 
interactive control to complete the construction tasks 
effectively.

5.2.2 � Moving and Localization of Walls, rover and pallet

5.2.2.1 Wall positioning  To position the wall in the vir-
tual environment, use a head-mounted AR device or a 
mobile device to scan the QR code located on the base). 
This action brings the wall into the virtual world for fur-
ther interaction and alignment.

5.2.2.2 Moving the rover and pallet  According to the 
pre-planned strategy, move the rover to the designated 
working position and check whether its reachability is 
within a reasonable range. If not, continue repositioning 
the rover. Next, place the pallet in its corresponding loca-
tion and accurately measure its position relative to the 
wall base to ensure that it aligns with the position in the 
virtual environment.

5.2.2.3 Localizing the rover and pallet  After confirm-
ing that everything is correct, use the AR device to scan 
the four QR codes on the rover. Once recognized, click 
to register the rover’s position in the virtual environment. 
Next, scan the QR code on the pallet to check the align-
ment between its virtual and real-world positions, and 
then register the pallet’s location.

5.2.3 � Interactive control process

5.2.3.1 Setting the TCP motion path  By selecting the 
bricks to be picked up and placed, as well as the inter-
mediate points, the motion trajectory for a single robot 
operation is programmed.

5.2.3.2 Adjusting the placement of bricks  By observ-
ing the current degree of inclination of the wall, click on 
"choose place piece" and then drag to fine-tune the posi-
tion of the bricks, reducing the curvature to enhance the 
structural stability. Due to the low accuracy of manually 
adjusting the brick positions, during construction, there 
were instances where after adjustments, the brick place-
ment was either higher or lower than the actual posi-
tion, which could cause the robot to stop due to excessive 

force. This can be optimized by introducing constraints 
on the movement of the bricks in the horizontal or verti-
cal direction, allowing the bricks to only move within the 
horizontal or vertical direction of their own coordinate 
system during fine adjustments.

5.2.3.3 Simulating and initiating robot motion with regis-
tered brick placement  Use the virtual UI buttons to ini-
tiate a simulation of the robot’s movement and check for 
any potential collisions or other issues.

5.2.4 � Operation and recording of bricks
Once confirmed, the robot can be set to operate. 
After each brick is placed, its adjusted position will be 
recorded, and the overall shape of the surface will change 
accordingly, ensuring a cohesive placement for subse-
quent bricks.

5.2.5 � Starting or ending the cycle
If there are additional bricks to be placed within the cur-
rent group, return to step e to begin the cycle again. If a 
group has been completed, proceed to step c to relocate 
the rover to a new position. This process continues in a 
loop until the construction is fully completed (Fig. 23).

6 � Result and discussion
Throughout the construction process, human interven-
tion played a critical role in recognizing uncertainties 
and making continuous adjustments to the robot’s opera-
tions using the interactive system. This dynamic interplay 
between human input and robotic execution ultimately 
resulted in the construction of the wall. At areas with 
high curvature, brick positions were adjusted to ensure 
structural stability. To further analyze this, the final posi-
tions of each brick were introduced back into the virtual 
environment and compared with the original design 
surface. The figure reflects the magnitude of the dis-
placement distance through color coding (Fig. 24). Addi-
tionally, the distribution of displacement distances for 
each brick has been compiled (Table 2). Most bricks have 
a displacement distance within 25  mm, while the aver-
age displacement distance for all bricks is approximately 
34 mm (Eq. 1).

It can be observed that, with human adjustment, the 
shape of the wall has undergone significant changes, with 
the most noticeable changes occurring in the middle part 
of the wall where the curvature is more pronounced. 
This is because, in the original design, the curvature was 

Mean Deviation (MD) =
1

n

n

i=1

|xi − x|
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relatively small on the sides, resulting in a structurally 
sound design, whereas the curvature in the middle part 
was excessively large, creating obvious structural issues. 
During the construction process, the user subjectively 
reduced the curvature, with the original design transi-
tioning from a curved bottom edge to a straight top edge. 
However, the final construction result still shows some 
curvature in the top edge. The gap between the design 
intent and the construction outcome highlights the role 
of human expertise in maintaining structural stability, 
especially in the absence of pre-simulation.

During the comparative experimental phase, this study 
conducted demonstrations and tests with approximately 
20 professionals from the Italian AEC industry (Fig. 25).

Most participants were able to immediately use the sys-
tem to guide the robot in completing a brick pick-and-
place task after a brief introduction. A few participants 
were unable to complete the task due to their inability to 
perform the gestures required by the system, which led to 
the AR system failing to recognize the input commands. 
The difficulty in completing the task was directly related 
to the participants’ age, with those unable to complete 
the task being older. To address this issue, it may be con-
sidered to use a controller as an alternative to gestures for 
performing complex operations.

Overall, the training process for the system is simple 
and easy to grasp quickly. Multiple participants success-
fully used the system to complete the design and robotic 
construction of a circular brick wall, demonstrating the 

Fig. 23  Construction completed

Fig. 24  The magnitude of the displacement distance through color coding, with significant offsets mainly located in the middle section
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role of the AR system in facilitating human involvement 
in robotic construction and enhancing interactivity.

In their evaluations, participants generally believed 
that this AR-based human–computer interaction con-
struction method has the potential to drive automa-
tion development within the industry. However, they 
expressed concerns about its immediate applicability in 
real construction scenarios. The reasons for this include 
various complexities, such as: insufficient accuracy of 
AR devices; uncertainty regarding the meaningfulness of 
human intervention in robotic construction processes; 
the potential impact of increased interactivity on the aes-
thetic quality of wall parametrization; the experimental 
setting not replicating real construction environments 
or utilizing authentic building materials; and the method 
being in a prototype stage, which only offers a glimpse of 
its possibilities.

In subsequent construction instances, this study 
addressed relevant issues by integrating experimen-
tal results and demonstration feedback. For example, 
it emphasized the importance of completing the design 
phase prior to construction while simultaneously making 
small adjustments based on real-time conditions during 
the building process. The study also utilized a computer 
vision system to achieve precise alignment between vir-
tual and real objects, replacing structural performance 
simulation under low structural complexity conditions 
and robotic base’s path planning with human intelligence, 
and employed rough materials used in real construction 
to realize a 1:1 scale design.

However, due to time and space constraints, this study 
still faced certain limitations: a. Insufficient optimiza-
tion of the user interface (UI). In the current experiment, 
guidance was provided to the users simply through text; 
b. The construction workflow not being fully optimized 
and simplified; c. Many bricks could not be placed by 

the robot due to height limitations, necessitating manual 
assistance for brick placement; d. The need for custom 
bases to accommodate the sloped patterns, resulting in 
limited flexibility.

Based on the aforementioned limitations, the future 
directions of this research are outlined as follows. First, 
explore more application scenarios where human involve-
ment in the linear robotic construction process can lev-
erage human intelligence. Second, attempt to apply AR 
in other types of robotic construction tasks to enhance 
interactivity and analyze its effects. Third, improve the 
aesthetics and effectiveness of the UI interface to enhance 
system completion. Specifically, the following measures 
could be considered: a. Design individual icons for each 
function to replace text (Kyaw, 2023; Amtsberg, 2021). b. 
Introduce multimodal guidance methods, such as voice 
assistance (Mitterberger, 2022), to facilitate autonomous 
user interaction. c. Group buttons and labels according to 
the workflow and make them appear only in the relevant 
stages to avoid confusion.

It should be further clarified that the augmented real-
ity construction tool used in this study is Fologram, 
based on the Rhino and Grasshopper platforms. This 
plugin was mainly designed to assist manual construc-
tion, which means the augmented reality functions pro-
vided by Fologram alone are sufficient to complete the 
construction. However, when augmented reality is used 
to assist robotic construction, the human–robot inter-
action system consists of the Robot Operating System 
(ROS) and the augmented reality system. The communi-
cation functionality needs to be integrated within the sys-
tem, and the UI becomes more complex (Walker, 2023). 
To achieve a more stable and adaptable human–robot 
interaction system, developing customized augmented 
reality platforms tailored to collaborate with ROS, using 

Fig. 25  The subjects attempted to use this workflow to complete a construction of an instance
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platforms such as Unity, could be a potential direction 
for future development. For example, in the case of Com-
pasXR (Alexi, 2024), the platform should customize the 
UI according to the interaction characteristics of the aug-
mented reality devices used, such as mobile devices and 
head-mounted displays, and establish more stable com-
munication methods based on the ROS employed.

7 � Conclusion
By comparing the application of AR technology in robotic 
construction with conventional methods, this study pro-
poses an innovative interactive construction approach 
aimed at enhancing interactivity. This method involves 
collaborative interactions between humans and robots 
during the construction process, creating a new para-
digm characterized by the alternation of human intelli-
gence and robotic precision. A comparative experiment 
involving the placement of wooden blocks demonstrated 
the potential of this method to enhance the adaptability 
and creativity of construction systems.

Subsequently, the feasibility and effectiveness of AR 
in facilitating human intervention in robotic construc-
tion were further validated through the implementation 
of an interactive brick wall construction case. This pro-
ject employed a highly interactive AR system, allowing 
for a reallocation of tasks between humans and robots. 
It successfully constructed a 1:1 scale brick wall made of 
large engineering bricks, featuring an inclined pattern 
and constructed without mortar (Fig.  26). By analyzing 
the roles played by AR and human intelligence in replac-
ing performance simulation of simple structures and 
robotic obstacle avoidance path planning, the study fur-
ther underscored the positive implications of enhanced 

interactive construction and the differences between 
design and construction outcomes.

The results of this research not only contribute to 
enriching the field of robotic construction but also 
introduce an innovative digital manufacturing approach 
within the architectural engineering sector. AR-assisted 
robotic construction enhances the intelligence of build-
ings and fosters a more direct and interactive collabo-
ration between humans and robots. As technology 
continues to advance, this method is expected to have a 
profound impact on the construction industry, paving 
the way for new possibilities in digital construction and 
smart buildings. Consequently, this research provides 
valuable insights for the future development of the AEC 
industry, offering a viable method for seamlessly integrat-
ing intelligence and creativity of human with accuracy 
and reliability of robot.

Acknowledgements
The authors wish to express their gratitude to their colleagues at Indexlab and 
Sigma Ingegneria—Carlo Beltracchi, Federico Bordoni, Imane El Bakkali, Gabri-
ele Viscardi, Elisabetta Papallo, and Giacomo Pinagli—for their contributions 
to the technical development of the system. The authors also acknowledge 
the support of the companies Sigma Ingegneria, KFT, and Fanuc, particularly 
Matteo Pacini, Simone Giusti, Federico Trebini, Roberto Orrù, Vera Mariani, 
Paolo Pezzini, Stefano Roveda, Matteo Nardo, Andrea Negossi, Chiara Talignani, 
Marcello Madella, and Riccardo Pati. Special thanks are extended to Wiener-
berger, especially Paolo Zanotti and Meysam Taghavi. Additionally, the authors 
would like to convey their sincere appreciation to Senaf for fostering innova-
tion within the SAIE context, with special thanks to Emilio Bianchi, Tommaso 
Sironi, Elisa Grigolli, Michele Ottomanelli, and Andrea Querzè. This research 
was self-financed by the companies involved, with no conflicts of interest with 
third parties.

Authors’ contributions
All authors contributed to the study conception and design. Material prepara-
tion, data collection and analysis were performed by Weichen Zhang and 
Pierpaolo Ruttico. The first draft of the manuscript was written by Weichen 

Fig. 26  The final construction effect of the wall



Page 22 of 23Zhang and Ruttico ﻿Architectural Intelligence             (2025) 4:6 

Zhang and all authors commented on previous versions of the manuscript. All 
authors read and approved the final manuscript.

Funding
Research self-funded by INDEXLAB.

Data availability
Data supporting the findings of the work are available within the article.

Declarations

Ethics approval and consent to participate
No ethics approval and consent to participate was necessary to conduct this 
study.

Consent for publication
The authors consent to the publication of this article.

Competing interests
The corresponding section indicates that the research was carried out without 
any commercial or financial ties that could be interpreted as potential con-
flicts of interest.

Received: 7 October 2024   Revised: 18 February 2025   Accepted: 24 Febru-
ary 2025

References
Alexi, E. V., Kenny, J. C., Atanasova, L., Casas, G., Dörfler, K., and Mitterberger, 

D. (2024). Cooperative augmented assembly (CAA): augmented reality 
for on-site cooperative robotic fabrication. Construction Robotics, 8(2). 
https://​doi.​org/​10.​1007/​s41693-​024-​00138-6

Amtsberg, F., Yang, X., Lior Skoury, Wagner, H.J., & Menges, A. (2021). iHRC: An 
AR-based interface for intuitive, interactive and coordinated task sharing 
between humans and robots in building construction. Proceedings of 
the ... ISARC. https://​doi.​org/​10.​22260/​isarc​2021/​0006

Azuma, R. T. (1997). A Survey of Augmented Reality. Presence: Teleoperators and 
Virtual Environments, 6(4), 355–385. https://​doi.​org/​10.​1162/​pres.​1997.6.​
4.​355

Cai, S., Ma, Z., Skibniewski, M. J., & Bao, S. (2019). Construction automation and 
robotics for high-rise buildings over the past decades: A comprehensive 
review. Advanced Engineering Informatics, 42, 100989. https://​doi.​org/​10.​
1016/j.​aei.​2019.​100989

Chen, Y., Wang, Q., Chen, H., Song, X., Tang, H., & Tian, M. (2019). An overview 
of augmented reality technology. Journal of Physics: Conference Series, 
1237(2), 022082. https://​doi.​org/​10.​1088/​1742-​6596/​1237/2/​022082

Chi, H.-L., Kang, S.-C., & Wang, X. (2013). Research trends and opportunities 
of augmented reality applications in architecture, engineering, and 
construction. Automation in Construction, 33, 116–122. https://​doi.​org/​10.​
1016/j.​autcon.​2012.​12.​017

Collinson, J. (2013). Brickwork and Bricklaying. Google Books. https://​books.​
google.​com.​hk/​books?​hl=​zh-​CN&​lr=​&​id=_​JF8Aw​AAQBA​J&​oi=​fnd&​pg=​
PP6&​dq=​brick​laying+​stand​ard&​ots=​g8ERC​OAtnm​&​sig=​c7V7o​b5uXq​
HflYu​T269u​AfPrI​5Y&​redir_​esc=y#​v=​onepa​ge&q=​brick​laying%​20sta​
ndard​&f=​false

Dörfler, K. (2018). Strategies for Robotic in Situ Fabrication. https://​doi.​org/​10.​
3929/​ethz-b-​00032​8683

Dörfler, K., Sandy, T., Giftthaler, M., Gramazio, F., Kohler, M., & Buchli, J. (2016). 
Mobile Robotic Brickwork. Robotic Fabrication in Architecture, Art and 
Design, 2016, 204–217. https://​doi.​org/​10.​1007/​978-3-​319-​26378-6_​15

EN ISO 10218-1: Requisiti di Sicurezza per Robot Industriali. (2025). Available 
at: https://​www.​gt-​engin​eering.​it/​norma​tive-​tecni​che/​norma​tive-​en-​iso/​
en-​iso-​10218-1/

Giftthaler, M., Sandy, T., Dörfler, K., Brooks, I., Buckingham, M., Rey, G., Kohler, 
M., Gramazio, F., & Buchli, J. (2017). Mobile robotic fabrication at 1: 1 scale: 
The In situ Fabricator. Construction Robotics, 1(1–4), 3–14. https://​doi.​org/​
10.​1007/​s41693-​017-​0003-5

Intergovernmental Panel on Climate Change (IPCC) (2023) ‘Framing, Context, 
and Methods’, in Climate Change 2021 – The Physical Science Basis: Work-
ing Group I Contribution to the Sixth Assessment Report of the Intergov-
ernmental Panel on Climate Change. Cambridge: Cambridge University 
Press, pp. 147–286. https://​doi.​org/​10.​1017/​97810​09157​896.​003

ISO 3691-4:2023 Industrial trucks — Safety requirements and verification 
Part 4: Driverless industrial trucks and their systems. (2023). Available at: 
https://​www.​iso.​org/​stand​ard/​83545.​html

ISO/TS 15066:2016 Robots and robotic devices — Collaborative robots. (2016). 
Available at: https://​www.​iso.​org/​stand​ard/​62996.​html

Kaarlela, T., Padrao, P., Pitkäaho, T., Pieskä, S., & Bobadilla, L. (2022). Digital Twins 
Utilizing XR-Technology as Robotic Training Tools. Machines, 11(1), 13. 
https://​doi.​org/​10.​3390/​machi​nes11​010013

Karl D.D. Willis, Xu, C., Wu, K.J., Levin, G., & Gross, M. D. (2010). Interactive fabri-
cation. https://​doi.​org/​10.​1145/​19357​01.​19357​16

Kyaw, A. H., Otto, J., & Lok, L. (2023). Active bending in physics-based mixed 
reality: The design and fabrication of a reconfigurable modular bamboo 
system. ECAADe Proceedings 1, 169–178. https://​doi.​org/​10.​52842/​conf.​
ecaade.​2023.1.​169

Kyaw, A. H., Spencer, L., and Lok, L. (2024). Human–machine collaboration 
using gesture recognition in mixed reality and robotic fabrication. Archi-
tectural Intelligence 3(1). https://​doi.​org/​10.​1007/​s44223-​024-​00053-4

Kyaw, A. H., Spencer, L., Zivkovic, S., and Lok, L. (2024). Gesture Recognition for 
Feedback Based Mixed Reality and Robotic Fabrication: A Case Study of 
the UnLog Tower. Phygital Intelligence 331–345. https://​doi.​org/​10.​1007/​
978-​981-​99-​8405-3_​28.

Kyaw, A. H., Xu, A., Jahn, G., Nick, Newnham, C., & Sanja Živković. (2023). Aug-
mented reality for high precision fabrication of glued laminated timber 
beams. Automation in Construction 152, 104912–104912. https://​doi.​org/​
10.​1016/j.​autcon.​2023.​104912

Kyjanek, O., Bahar, B. A., Vasey, L., Wannemacher, B., and Menges, A. (2019). 
Implementation of an augmented reality AR workflow for human robot 
collaboration in timber prefabrication. ISARC Proceedings, 1223–1230. 
https://​www.​iaarc.​org/​publi​catio​ns/​2019_​proce​edings_​of_​the_​36th_​
isarc/​imple​menta​tion_​of_​an_​augme​nted_​reali​ty_​ar_​workf​low_​for_​
human_​robot_​colla​borat​ion_​in_​timber_​prefa​brica​tion.​html

Liang, C.-J., Wang, X., Kamat, V. R., & Menassa, C. C. (2021). Human-Robot Col-
laboration in Construction: Classification and Research Trends. Journal of 
Construction Engineering and Management, 147(10), 03121006. https://​doi.​
org/​10.​1061/​(asce)​co.​1943-​7862.​00021​54

Meža, S., Turk, Ž, & Dolenc, M. (2014). Component based engineering of a 
mobile BIM-based augmented reality system. Automation in Construction, 
42, 1–12. https://​doi.​org/​10.​1016/j.​autcon.​2014.​02.​011

Mitchell, W. J. (2005). Constructing complexity. Springer EBooks, 41–50. https://​
doi.​org/​10.​1007/1-​4020-​3698-1_3

Mitterberger, D., Dörfler, K., Sandy, T., Salveridou, F., Hutter, M., Gramazio, F., & 
Kohler, M. (2020). Augmented bricklaying. Construction Robotics. https://​
doi.​org/​10.​1007/​s41693-​020-​00035-8

Mitterberger, D., Ercan Jenny, S., Vasey, L., Lloret-Fritschi, E., Aejmelaeus-Lind-
ström, P., Gramazio, F., & Kohler, M. (2022). Interactive Robotic Plastering: 
Augmented Interactive Design and Fabrication for On-site Robotic Plas-
tering. CHI Conference on Human Factors in Computing Systems. https://​
doi.​org/​10.​1145/​34911​02.​35018​42

Park, J., Ji Hun Kim, & Song, J.-B. (2007). Path Planning for a Robot Manipulator 
based on Probabilistic Roadmap and Reinforcement Learning. Interna-
tional Journal of Control Automation and Systems. https://​www.​seman​ticsc​
holar.​org/​paper/​Path-​Plann​ing-​for-a-​Robot-​Manip​ulator-​based-​on-​and-​
Park-​Kim/​caac5​0fb3e​f6869​69400​066c4​ec2d0​adc0b​fc9c6

Pollefeys, M. (2018). Microsoft HoloLens facilitates computer vision research 
by providing ac-cess to raw image sensor streams with Research Mode. 
Microsoft Research. https://​www.​micro​soft.​com/​en-​us/​resea​rch/​blog/​
micro​soft-​holol​ens-​facil​itates-​compu​ter-​vision-​resea​rch-​by-​provi​ding-​
access-​to-​raw-​image-​sensor-​strea​ms-​with-​resea​rch-​mode/

Rogeau, N., & Rad, A. R. (2024). Collaborative timber joint assembly: Aug-
mented reality for multi-level human-robot interaction. International 
Journal of Architectural Computing. https://​doi.​org/​10.​1177/​14780​77124​
12866​05

Ruttico, P., Pacini, M., & Beltracchi, C. (2024). BRIX: an autonomous system for 
brick wall construction. Construction Robotics, 8(2). https://​doi.​org/​10.​
1007/​s41693-​024-​00123-z

https://doi.org/10.1007/s41693-024-00138-6
https://doi.org/10.22260/isarc2021/0006
https://doi.org/10.1162/pres.1997.6.4.355
https://doi.org/10.1162/pres.1997.6.4.355
https://doi.org/10.1016/j.aei.2019.100989
https://doi.org/10.1016/j.aei.2019.100989
https://doi.org/10.1088/1742-6596/1237/2/022082
https://doi.org/10.1016/j.autcon.2012.12.017
https://doi.org/10.1016/j.autcon.2012.12.017
https://books.google.com.hk/books?hl=zh-CN&lr=&id=_JF8AwAAQBAJ&oi=fnd&pg=PP6&dq=bricklaying+standard&ots=g8ERCOAtnm&sig=c7V7ob5uXqHflYuT269uAfPrI5Y&redir_esc=y#v=onepage&q=bricklaying%20standard&f=false
https://books.google.com.hk/books?hl=zh-CN&lr=&id=_JF8AwAAQBAJ&oi=fnd&pg=PP6&dq=bricklaying+standard&ots=g8ERCOAtnm&sig=c7V7ob5uXqHflYuT269uAfPrI5Y&redir_esc=y#v=onepage&q=bricklaying%20standard&f=false
https://books.google.com.hk/books?hl=zh-CN&lr=&id=_JF8AwAAQBAJ&oi=fnd&pg=PP6&dq=bricklaying+standard&ots=g8ERCOAtnm&sig=c7V7ob5uXqHflYuT269uAfPrI5Y&redir_esc=y#v=onepage&q=bricklaying%20standard&f=false
https://books.google.com.hk/books?hl=zh-CN&lr=&id=_JF8AwAAQBAJ&oi=fnd&pg=PP6&dq=bricklaying+standard&ots=g8ERCOAtnm&sig=c7V7ob5uXqHflYuT269uAfPrI5Y&redir_esc=y#v=onepage&q=bricklaying%20standard&f=false
https://books.google.com.hk/books?hl=zh-CN&lr=&id=_JF8AwAAQBAJ&oi=fnd&pg=PP6&dq=bricklaying+standard&ots=g8ERCOAtnm&sig=c7V7ob5uXqHflYuT269uAfPrI5Y&redir_esc=y#v=onepage&q=bricklaying%20standard&f=false
https://doi.org/10.3929/ethz-b-000328683
https://doi.org/10.3929/ethz-b-000328683
https://doi.org/10.1007/978-3-319-26378-6_15
https://www.gt-engineering.it/normative-tecniche/normative-en-iso/en-iso-10218-1/
https://www.gt-engineering.it/normative-tecniche/normative-en-iso/en-iso-10218-1/
https://doi.org/10.1007/s41693-017-0003-5
https://doi.org/10.1007/s41693-017-0003-5
https://doi.org/10.1017/9781009157896.003
https://www.iso.org/standard/83545.html
https://www.iso.org/standard/62996.html
https://doi.org/10.3390/machines11010013
https://doi.org/10.1145/1935701.1935716
https://doi.org/10.52842/conf.ecaade.2023.1.169
https://doi.org/10.52842/conf.ecaade.2023.1.169
https://doi.org/10.1007/s44223-024-00053-4
https://doi.org/10.1007/978-981-99-8405-3_28
https://doi.org/10.1007/978-981-99-8405-3_28
https://doi.org/10.1016/j.autcon.2023.104912
https://doi.org/10.1016/j.autcon.2023.104912
https://www.iaarc.org/publications/2019_proceedings_of_the_36th_isarc/implementation_of_an_augmented_reality_ar_workflow_for_human_robot_collaboration_in_timber_prefabrication.html
https://www.iaarc.org/publications/2019_proceedings_of_the_36th_isarc/implementation_of_an_augmented_reality_ar_workflow_for_human_robot_collaboration_in_timber_prefabrication.html
https://www.iaarc.org/publications/2019_proceedings_of_the_36th_isarc/implementation_of_an_augmented_reality_ar_workflow_for_human_robot_collaboration_in_timber_prefabrication.html
https://doi.org/10.1061/(asce)co.1943-7862.0002154
https://doi.org/10.1061/(asce)co.1943-7862.0002154
https://doi.org/10.1016/j.autcon.2014.02.011
https://doi.org/10.1007/1-4020-3698-1_3
https://doi.org/10.1007/1-4020-3698-1_3
https://doi.org/10.1007/s41693-020-00035-8
https://doi.org/10.1007/s41693-020-00035-8
https://doi.org/10.1145/3491102.3501842
https://doi.org/10.1145/3491102.3501842
https://www.semanticscholar.org/paper/Path-Planning-for-a-Robot-Manipulator-based-on-and-Park-Kim/caac50fb3ef686969400066c4ec2d0adc0bfc9c6
https://www.semanticscholar.org/paper/Path-Planning-for-a-Robot-Manipulator-based-on-and-Park-Kim/caac50fb3ef686969400066c4ec2d0adc0bfc9c6
https://www.semanticscholar.org/paper/Path-Planning-for-a-Robot-Manipulator-based-on-and-Park-Kim/caac50fb3ef686969400066c4ec2d0adc0bfc9c6
https://www.microsoft.com/en-us/research/blog/microsoft-hololens-facilitates-computer-vision-research-by-providing-access-to-raw-image-sensor-streams-with-research-mode/
https://www.microsoft.com/en-us/research/blog/microsoft-hololens-facilitates-computer-vision-research-by-providing-access-to-raw-image-sensor-streams-with-research-mode/
https://www.microsoft.com/en-us/research/blog/microsoft-hololens-facilitates-computer-vision-research-by-providing-access-to-raw-image-sensor-streams-with-research-mode/
https://doi.org/10.1177/14780771241286605
https://doi.org/10.1177/14780771241286605
https://doi.org/10.1007/s41693-024-00123-z
https://doi.org/10.1007/s41693-024-00123-z


Page 23 of 23Zhang and Ruttico ﻿Architectural Intelligence             (2025) 4:6 	

Sága, M., Vladimír Bulej, Nadežda Čuboňová, Kuric, I., Virgala, I., & Eberth, M. 
(2020). Case study: Performance analysis and development of robotized 
screwing application with integrat-ed vision sensing system for automo-
tive industry. International Journal of Advanced Robotic Systems, 17(3). 
https://​doi.​org/​10.​1177/​17298​81420​923997

Song, Y., Koeck, R., & Luo, S. (2021). Review and analysis of augmented reality 
(AR) litera-ture for digital fabrication in architecture. Automation in Con-
struction, 128, 103762. https://​doi.​org/​10.​1016/j.​autcon.​2021.​103762

Song, Y., Asterios Agkathidis, spsampsps Koeck, R. (2023). Augmented Bricks 
an Onsite AR Immersive Design to Fabrication Framework for Masonry 
Structures. 385–395. https://​doi.​org/​10.​1007/​978-​981-​19-​8637-6_​33

Takayama, L., Ju, W., & Nass, C. (2008). Beyond dirty, dangerous and dull. Pro-
ceedings of the 3rd ACM/IEEE International Conference on Human Robot 
Interaction. https://​doi.​org/​10.​1145/​13498​22.​13498​27

Walker, M., Phung, T., Tathagata Chakraborti, Williams, T. A., & Szafir, D. (2023). 
Virtual, Augmented, and Mixed Reality for Human-Robot Interaction: 
A Survey and Virtual Design Element Taxonomy. ACM Transactions on 
Human-Robot Interaction, 12(4), 1–39. https://​doi.​org/​10.​1145/​35976​23

Wang, X. (2009). Augmented Reality in Architecture and Design: Potentials and 
Challenges for Application. International Journal of Architectural Comput-
ing, 7(2), 309–326. https://​doi.​org/​10.​1260/​14780​77097​88921​985

Wang, S., Lin, D., & Sun, L. (2023). Human-cyber-physical system for post-
digital design and construction of lightweight timber structures. Auto-
mation in Construction, 154, 105033. https://​doi.​org/​10.​1016/j.​autcon.​
2023.​105033

Zhang, W. (2023). Interactive Fabrication: Exploration of Human-machine 
Collaboration Meth-ods for AR Assisted Robotic Fabrication. In Polimi.it. 
Politecnico di Milano. https://​hdl.​handle.​net/​10589/​214992

Zhang, W. (2024). Interactive Robotic Grinding: Interactive Building Metal 
Surface Design and Fabrication for Robotic Grinding. Communications 
in Computer and Information Science, 427–437. https://​doi.​org/​10.​1007/​
978-3-​031-​61932-8_​49

Zhang, W., & Ruttico, P. (2025). Interactive Bricklaying: A Comparative Experi-
ment on Human Involvement in Masonry Structure Design and Con-
struction through Augmented Reality. Symbiotic Intelligence. Proceed-
ings of the 6th International Conference on Computational Design and 
Robotic Fabrication.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1177/1729881420923997
https://doi.org/10.1016/j.autcon.2021.103762
https://doi.org/10.1007/978-981-19-8637-6_33
https://doi.org/10.1145/1349822.1349827
https://doi.org/10.1145/3597623
https://doi.org/10.1260/147807709788921985
https://doi.org/10.1016/j.autcon.2023.105033
https://doi.org/10.1016/j.autcon.2023.105033
https://hdl.handle.net/10589/214992
https://doi.org/10.1007/978-3-031-61932-8_49
https://doi.org/10.1007/978-3-031-61932-8_49

	Enhanced interactive AR bricklaying: elevating human–robot collaboration in augmented reality assisted masonry design and construction
	Abstract 
	1 Introduction
	2 Literature review
	3 Methodology
	3.1 Comparative experiment setup
	3.2 Construction case setup

	4 Comparison experiment between conventional and enhanced levels of interaction
	4.1 Preparatory operations
	4.2 Conventional level of interaction
	4.3 Enhanced level of interaction
	4.4 Discussion of comparison experiment

	5 Construction case
	5.1 AR based localization and control system
	5.1.1 AR-based localization
	5.1.2 Computer vision system for correcting localization
	5.1.3 AR-based mobile robot control system

	5.2 The entire workflow
	5.2.1 Design of form, base construction, and consequence of brick groups
	5.2.2 Moving and Localization of Walls, rover and pallet
	5.2.3 Interactive control process
	5.2.4 Operation and recording of bricks
	5.2.5 Starting or ending the cycle


	6 Result and discussion
	7 Conclusion
	Acknowledgements
	References


