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Abstract -

This paper presents a novel method for generating mi-
croscale digital twins of rubble stone masonry walls using a
robotic construction pipeline. The pipeline integrates stone
stock digitalization, stone layout planning, robotic stone as-
sembly, and a dynamic digital twinning process. To validate

the approach, a 0.7 X 0.7 x 0.4 m?> wall was physically con-
structed in the lab alongside its digital twin, which provided
a precise representation of the wall’s microstructures. The
results show that the proposed pipeline achieved accurate
stone assembly with an averaged *1.2 cm tolerance, pro-
ducing walls comparable to traditional masonry in terms of
compressive strength.
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1 Introduction

The construction industry urgently requires innovative
solutions to reduce its environmental impact. Utilizing
locally available natural materials, such as stone, offers a
sustainable path by minimizing energy inputs and carbon
emissions associated with material production and trans-
portation [1, 2]. However, traditional stone construction
poses challenges for the structural analysis. The irregular
shapes of stone units and their placement based on local
masonry practices create a highly variable microstructure,
which directly impacts the structural behavior of stone ma-
sonry building [3]. Current practice for the structural anal-
ysis of rubble stone masonry buildings rely on fixed-length
classifications based on typologies, which are subjective
and introduce ambiguity in the analysis [3].

With advancements in digital technologies, it is now
possible to create a digital twin, a 3D model of a phys-
ical asset. In masonry structures, digital twinning at the
building level—where entire structures are scanned, digi-
tized, and used for numerical analysis—has been explored
by several works [4, 5, 6]. However, digital twinning at
the stone-level, capturing the as-built microstructure [3],
remains rare. This lack of detailed digital twins for stone
masonry microstructures poses a significant bottleneck in
the development of micro-scale numerical methods for
analyzing rubble stone masonry structures [3].
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This paper introduces an end-to-end pipeline for gener-
ating the microscale digital twin of stone masonry struc-
tures, utilizing a novel construction method that eliminates
the need for masons. It starts from digitalizing the irregular
shape of stones using photogrammetry. The 3D geometry
of stones is used by a planning algorithm to determine the
positions and orientation of stones. The execution of the
plan, i.e., placing stones from the initial position to the
final position in the wall, is carried out by a robotic sys-
tem composed of a vacuum gripper, an on-site scanning
system, and a robotic arm. A digital twining pipeline is
carried out at the same time as the physical construction,
recording the as-built position of stones, which feedbacks
the planning algorithm to achieve a more precise and ac-
curate construction.

2 Method

This section presents the main components of the pro-
posed pipeline for the digital construction of mortar-joint
stone masonry walls. Section 2.1 presents the methods and
results of using photogrammetry to build the digital stone
stock. The construction process is explained in Section
2.2, which includes the optimization of the stone layout,
the physical construction, and the creation of the digital
twin.

2.1 Digitization of initial stone stock

. We scanned 150 stones that were recycled from the
demolition waste of stone masonry walls built by masons.
The stones were scanned by capturing 100 photographs of
one side, then flipping them over and taking an additional
100 photos of the opposite side. The photos were taken
with a robotic arm that rotates around the object and takes
photos at every 18-degree interval. The 200 photos were
used for 3D model reconstruction with the software Ag-
isoft Metashape [7]. A scaled bar is also visible in all pho-
tos with specific markers supported by Agisoft Metashape
[7]. Figure 1 shows the distribution of stone shapes and
stone sizes in the initial stock. Stones that are not placed
in the constructed wall are indicated by circles in Figure
1. Stone flatness is measured by the ratio of the shortest
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dimension to the intermediate dimension, and elongation
is measured by the ratio of the intermediate dimension to
the longest dimension, with dimension sizes determined
through the principal component analysis [8].
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Figure 1. Elongation, flatness, and volume of stones

in the initial stock. Stones not used in the final wall
are shown by unfilled circles, while others are shown

by filled points.

2.2 Microscale digital twinning by segment-wise con-
struction

We propose a segment-wise construction and digital
twinning process, where one segment corresponds to ele-
vating the wall with a certain height according to the con-
struction progress during the day. Figure 2 presents the
steps for constructing one segment. Before the physical
construction of a segment, the layout planning algorithm
determines the stone layout for the current segment con-
sidering the current landscape, which is composed of the
digital twin of previous segments and the boundary con-
dition. The planning of stone layout is followed by the
physical construction, where a robotic arm places stones
to their planned positions. The robotic assembly of stones
is paused every time a new layer of stones was placed on
top of an existing one. During the pause, the physical
wall is scanned by taking photos around it to capture the
as-built positions of stones. We generate the digital twin
of the segment based on the scanned layers, which serves
as the input for planning and constructing the subsequent
segments. Mortar layers are applied manually between
layers. We will present in the following sections the de-
tails regarding the layout planning, robotic construction,
and digital twinning.

2.2.1 Stone layout planning

To generate the stone layout in each segment, the plan-
ning algorithm developed in our previous work [9, 10] is

used. We adapt the algorithm for segment-wise planning
by including two additional functions. One is to apply
a mask on top of every segment to avoid stones being
placed beyond the segment height. It constrains the al-
gorithm to find feasible positions only below the upper
bound. The mask is implemented as assigning the value 1
to voxels above the current segment in the landscape occu-
pancy tensor Loceupancy. The other improvement is to use
the digital twin of stones from previous segments instead
of using their planned positions to account for deviations
of stone positions that can arise during the physical con-
struction. As an example, Figure 3 shows the landscape
for constructing one segment, composed of five parts: the
as-built position of already placed stones from previous
segments (in green), the planning positions of stones of
the current segment (in blue), the boundaries of the wall
(in grey), and the mask for limiting the upper bound (in
black).

2.2.2 Robotic stone assembly

We choose a vacuum gripper instead of the conven-
tional two-finger gripper due to its flexibility in handling
objects with varying lengths and widths. After analyzing
the shape of the stone, considering its curvature, center
of gravity, suction area, and avoidance of collisions with
stones placed previously, we determined the optimal pick-
ing planes for the stones. A team member manually at-
taches the stone to the gripper at the calculated position,
after which we re-scan the stone to precisely locate its posi-
tion and orientation relative to the robot end-effector. This
data enables accurate calculation of the robot’s placement
trajectory.

2.2.3 Digital twinning

After placing each layer of stones, we scan the half-built
wall with photogrammetry and reconstruct the 3D model
with Agisoft Metashape [7]. The mesh is then transformed
and rescaled according to the positions of markers in the
robot frame, measured at the beginning of the construction.
We register the stone mesh (a complete stone mesh) to the
landscape mesh (where stones can be observed partially)
using ICP [11], transforming the stone from the planning
position to the as-built position, as shown in Figure 4.

3 Results

We applied the proposed digital construction pipeline
to build a stone masonry wall of size 0.7 X 0.7 X 0.4 m>.
The dimensions were chosen to match the size of mason-
built walls of a similar typology, as in [3], ensuring a
fair comparison of construction results. Figure 5 shows a
photo and the 3D surface mesh of the final wall, as well
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Figure 2. Microscale digital twinning process: starting with the generation of the stone layout plan, followed by
robotic assembly guided by the plan, digitalization of the wall surface, and finally, registering the planned stones

to the digitized wall to create the microscale digital twin of the as-built stone layout.
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Figure 3. Landscape for planning one segment.

Figure 4. Transforming stones from planned position
to as-built position by registering the stone mesh to
the landscape mesh.

as its microscale digital twin composed of stone meshes
in their as-built positions.

3.1 Simple compression test of the constructed wall

In masonry construction, walls primarily support com-
pressive forces from the weight of the structure above. In
this case, compressive strength is a crucial index that di-
rectly reflects their load-bearing capacity and resistance
to failure under vertical loads. To obtain the compressive
strength of the constructed wall, a simple compression
test with no confinements at the top and bottom of the
specimen was conducted according to the described pro-
cedures in EN1015-Part 1 [12]. In the compression tests,
three loading/unloading cycles were applied before the
peak force. The Young’s modulus was derived by fitting
a line to each of the three stress—strain cycles and taking
the average value of the three slopes as presented in [13].
We obtained a compressive strength of 0.74 MPa, and a
Young’s modulus of 263 MPa. The strength is within the
range reported in [14], between 0.43 MPa and 0.82 MPa.

3.2 Precision in stone assembly

To quantify the precision of the stone assembly process,
we made use of the microscale digital twin obtained as the
end of the construction, measuring the distances between
the as-built positions of stones and their planned positions.
We observed an averaged distance between stone centers
of 0.012 m and a root mean square error of 0.014 m.
The difference between the as-built geometry and planned
geometry can be attributed to the following reasons:

1. When the robot reaches the force limit, it will release
the stone before it arrives to its planned position.

2. The planned position of the stone is not necessarily
a stable position. The stone can move under gravity
after robot release it.

3. There are systematic errors in the digital twinning
process, including the downsampling of stone meshes
for robotic planning and layout planning, the regis-
tration of stone mesh to gripping position, the recon-
struction of landscape mesh, and the registration of
stone mesh to landscape mesh.

Situation 1 consistently happened when placing the first
layer of stones. This is because the planning assumes
the foundation to be perfectly flat, while the small bumps
on the foundation stop the stone placement earlier. The
error didn’t propagate to the next segment of stones as the
planning algorithm considered an updated landscape. For
the following layers, stones were mostly placed below their
planned position due to the effect of gravity, especially
stones on the corners.
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Figure 5. The constructed wall. (a) Photo of the constructed wall. (b) 3D surface model of the final wall. (c)
Stones in the final wall on their as-built positions.

4 Conclusions

The traditional construction of masonry structures using
natural stones often faces challenges in structural analysis
due to the uncertainty and variability of the microstruc-
ture. This study introduces a pioneering pipeline for gen-
erating the microscale digital twin of stone masonry walls,
which replicates the microstructure of physical walls. The
pipeline makes use of the recent advance in stone layout
optimization [9], to instruct a robotic system for stone as-
sembly. The microscale digital twin is created at the same
time of the physical construction, providing dynamic feed-
back for the construction process.

A three-leaf masonry wall was built as a case study to
show the feasibility of the proposed method. Results show
that the constructed wall achieved compressive strength of
0.74 MPa, and the digital twinning process had an averaged
distance error of 0.012 m. While this work demonstrates
the feasibility of digital masonry construction, further ad-
vancements in the digitalization of mortar are essential to
fully realize the pipeline’s potential.
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