
Automation in Construction 174 (2025) 106090

Available online 13 March 2025
0926-5805/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies.

Dynamic robotic bricklaying force-position control considering mortar
dynamics for enhanced consistency

Yi Zhou a, Bowen Huang a, Boge Dong a, Yi Wen a, Molong Duan a,b,*

a Department of Mechanical and Aerospace Engineering, The Hong Kong University of Science and Technology, Hong Kong, SAR, China
b HKUST Shenzhen-Hong Kong Collaborative Innovation Research Institute, Futian, Shenzhen, China

A R T I C L E I N F O

Keywords:
Force-position control
Robotic bricklaying
Construction robot
Viscoelastic mortar dynamics
Bond strength

A B S T R A C T

With growing construction automation needs and aging workforce, robotic bricklaying technologies offer
promising solutions by replacing labor-intensive manual wall construction. Despite advances in mechatronics,
trajectory generation, and adhesive bonding, bricklaying process consistency still remains a major issue, chal-
lenged by nonlinear mortar dynamics, variable thickness, and lack of force-position control. This paper enhances
consistency by adjusting the robot trajectory to achieve the desirable maximum contact force and brick place-
ment accuracy. The feedforward bricklaying trajectory is generated by solving an optimal control problem with
unspecified terminal time to approach the desirable maximum force while maintaining placement accuracy,
considering the identified mortar dynamics. To ensure precise positioning and robust desired maximum contact
force, robotic bricklaying force-position feedback control is proposed to dynamically control the velocity uti-
lizing real-time force feedback. Simulations and experiments validated the proposed approach, including shear
tests, demonstrating enhanced consistency and the relationship between maximum contact force and bond
strength.

Nomenclature

t0 Time when the contact between bricks begins
tc Current time
te Time when the desired position xd is reached
x0 Robot end-effector position when the contact between bricks

begins at the time t0
xc Current robot end-effector position
xd Desired robot end-effector position
Δx Gap distance between the current robot end-effector position

xc and the desired robot end-effector position xd
xb Braking distance
F̂m Estimated maximum contact force between bricks
Fd Desired maximum contact force between bricks
Fc Current contact force feedback between bricks
Fe External disturbance force measured by the load cell
Fi Inertial force of the brick
v0 Initial velocity of the robot end effector at time t0
vc Current velocity of the robot end effector at time tc
ve Terminal velocity of the robot end effector at time te

vmax Maximum compressing velocity in the bricklaying process
vs Specified constant velocity in the multi-stage trapezoidal

velocity motion profile
v Minimum velocity for vs during the constant velocity

movement period in the multi-stage trapezoidal velocity
motion profile

v Maximum velocity for vs during the constant velocity
movement period in the multi-stage trapezoidal velocity
motion profile

vr Reshaped velocity generated by the force-positon control
A+

m Maximum acceleration
A−

m Maximum deceleration
A+

r Rated acceleration
A−

r Rated deceleration
kf Force-regulating coefficient

1. Introduction

The construction sector globally has been adopting new technologies
due to rapid urbanization and workforce shortages [1]. Construction
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tasks, especially bricklaying, are time-consuming and labor-intensive
with high demands for construction product quality [2,3]. To address
these challenges, robotic bricklaying technologies are the most prom-
ising technologies for brick wall construction [4]. Representative ro-
botic bricklaying platforms, including the robotic manipulator [5–8],
mobile bricklaying robot [1], [9–12], cable-driven bricklaying robot
[13], multi-robot bricklaying system [14,15], and large-scale brick-
laying system with a telescopic arm [16], have been proposed. Liu et al.
[5] proposed an innovative teleoperation robotic bricklaying system
that frees workers from using hands and arms. Raković et al. [6] pre-
sented a parametric architectural design of bricklaying walls fabricated
by an industrial robotic arm. Usmanov et al. [7] designed a functional
reduced-scale bricklaying industrial robot capable of technically
implementing the complete process of bricklaying. Dörfler et al. [11]
described the implementation of a situ bricklaying construction process
using a location-aware mobile robot. Helm et al. [12] employed an
existing mobile industrial robot, considering handling tolerances, man-
machine interactions, and the mobility of the fabrication unit. Wu et al.
[13] proposed a cable-driven brick structure building system with a
buildable workspace. Ambrosino et al. [14] proposed a multi-robot
bricklaying system with a crane and a lightweight rigid robot to oper-
ate the large and heavy bricks. Pǐskorec et al. [15] introduced an
automated multi-robotic system for dry brick stacking at a large scale
including custom-made robotic end-effectors. However, these existing
works focus on the mechatronics systems and mostly apply to dry brick
stacking. The practical bricklaying process involves viscoelastic adhe-
sives like mortar, critically affecting the strength of the constructed wall
[17]. An accurate robotic bricklaying process with viscoelastic adhesives
is essential to ensure construction quality in terms of both wall shape
precision and structural strength.

Most works using the adhesives in the robotic bricklaying process
apply a thin adhesive layer to the bricks, and position bricks according
to a predetermined trajectory, ignoring the impact of maximum contact
force on the consistency of brick bond strength. Note that mortar-jointed
bricks’ bond strength is influenced by the maximum contact force [18].
Semi-automated mason (SAM) [9] is a commercially available brick-
laying robot that collaborates with workers to construct brick walls on-
site with mortar. Pritschow et al. [1] developed a man-machine system
involving a mobile bricklaying robot and a skilled worker utilizing thin-
bed mortar. Dindorf et al. [10] presented an innovative solution for a
mobile robotic unit equipped with a hydraulic lifting and leveling
module, a brick warehouse, a brick belt feeder, and a mortar applicator.
The Hadrian X [16] features a 30 m-long telescoping arm and a truck
base for stacking concrete masonry units using polymer adhesive instead
of traditional mortar according to a predefined plan. Shi et al. [8] pro-
posed the anti-interference control strategy for the wall-building robot
to ensure trajectory tracking accuracy with the uncertainty estimation in
the robot dynamics model and the viscoelastic model of cement mortar.
However, it is hard for existing works to guarantee the consistency of the
bricklaying process due to the lack of force-position feedback control in
the bricklaying process. To enhance the consistency of bond strength,
the relationship between maximum contact force and bond strength is
essential to be investigated. Thus, the force and position control are
exploited to ensure the bricks are bonded with the desired position and
maximum contact force.

The viscoelastic behavior of the mortar [19] poses challenges to
position and force control in the bricklaying process. Leonhard et al.
[18] proposed the integration of position and force control for the ro-
botic bricklaying process, but this method cannot precisely reach the
desired force and position. Rihani et al. [20] proposed the impedance
control for the robotic brick masonry with the sacrificed position ac-
curacy of bricks. Existing works on the force and position control in the
bricklaying process are limited, but force and position control methods
are widely explored in soft or unknown environments, including hybrid
position/force control for soft tissue deformation modeling [21], force
control with an active observer [22], force feedback control [23], neural

network control [24], impedance control [25–28], and model predictive
position/force control [29–31]. However, these existing methods are
limited in the force and position control of the bricklaying process as
they do not reach the desired maximum force while preserving position
accuracy due to nonlinear viscoelastic mortar dynamics, and uncertain
mortar thickness.

In this work, to address these issues, we propose the force-position
control considering the nonlinear viscoelastic mortar dynamics to
reach the desired position and maximum contact force in the robotic
bricklaying process. The core contributions are summarized as follows:

• Identified the viscoelastic mortar dynamics and developed a feed-
forward bricklaying trajectory generation method to achieve the
desired maximum contact force in the bricklaying process.

• Developed robotic bricklaying force-position feedback control
method utilizing the mortar dynamics to ensure accurate final posi-
tion and robust desired maximum contact force.

• Validated the feedforward and feedback controllers in robotic
bricklaying experiments, as well as the relationship between the
maximum contact force and the bricklaying bond strength with the
standard shear test.

The detailed paper is structured as follows: Contact force-
displacement mortar model and force reachability analysis are intro-
duced in Section 2, followed by the feedforward trajectory generation
method and robotic bricklaying force-position feedback control. Robotic
bricklaying system modeling, including the identification of the robot
dynamic model and contact force-displacement model of wet mortar, is
detailed in Section 3. The robotic bricklaying experimental platform and
validation of the proposed approach with simulation and experiments
are detailed in Section 3, followed by case studies. Finally, the conclu-
sion is illustrated in Section 4.

2. Force reachability analysis and dynamic robotic bricklaying
force-position control design

This section analyzes the maximum contact force between bricks to
determine the force reachability range. A feedforward bricklaying tra-
jectory is designed to approach the desired maximum force within this
range while ensuring placement accuracy. Additionally, a robotic
bricklaying force-position feedback controller is introduced to ensure
precise positioning and robust desired maximum contact force.

2.1. Contact force-displacement mortar dynamic model and force
reachability analysis with multi-stage trapezoidal velocity approximation

The dynamic mechanical properties of the mortar are affected by
some factors, such as the water-cement ratio Rw, sand-cement ratio Rs,
temperature T, and curing time tw. The normal contact force depends on
the penetration p and contact velocity v for viscoelastic material. Based
on the aforementioned factors, the contact force-displacement model of
the bricklaying process over wet mortar is defined as

F = g(p, v,Rw,Rs,T, tw), (1)

where g(⋅) represents the nonlinear function of the mortar force-
displacement model. The cement utilized in this paper originates from
the same batch, ensuring uniformity in its properties. To maintain the
consistency of the experimental conditions, it is assumed that the water-
cement ratio, sand-cement ratio, and mortar temperature are held con-
stant throughout the experiment. Also, the curing process of the mortar
is ignored, attributed to its rapid depletion during application. For
simplification, Eq. (1) is rewritten as

F = gs(p, v), (2)

where gs(⋅) represents the simplified nonlinear function of the mortar
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force-displacement model. Based on Eq. (2), the equation for the line-
arization of the mortar model gs(p, v) at the current state (pc, vc) is

δF =
∂gs

∂p
|(pc ,vc)

δp +
∂gs

∂v
|(pc ,vc)

δv =
∂gs

∂p
|(pc ,vc)

vdt +
∂gs

∂v
|(pc ,vc)

Adt, (3)

where

δp = p − pc,

δv = v − vc,
(4)

and A is the acceleration. According to the linearized model described in
Eq. (3), F̂m is estimated with the penetration depth and contact velocity,
defined as

F̂m =

∫te

t0

δF =

∫te

t0

∂gs

∂p
vdt+

∂gs

∂v
Adt. (5)

Given F̂m defined in Eq. (5), the robot manipulator achieves different
maximum contact forces by adjusting the velocity while preserving the
desired position. Note that te is uncertain under different motion profiles
while xd is fixed, as shown in Fig. 1. The maximum contact force exerted
between the bricks is constrained within a specific range due to the fixed
mortar penetration depth and limited velocity. To investigate the range
of the maximum contact force, the highest maximum contact force F is
determined with the optimization, defined as

F = max
v(t)

F̂m,

s.t. xd = x0 +
∫te

t0

vdt,

0 ≤ v(t) ≤ vmax,

v(te) = 0.

(6)

The lowest maximum contact force F is obtained by solving a similar
optimization problem. The maximum contact force reachability FR is
defined as

FR ∈ [F F]. (7)

FR quantifies the achievable maximum contact force range within the
specified constraints.

The velocity v(t) along the compression trajectory and te are unde-
termined, as shown in Fig. 1 (b). To obtain FR with the reduced
computational load, the optimization variable v(t) in Eq. (6) is approx-
imated as the multi-stage trapezoidal velocity motion profile (solid line
in Fig. 1 (b)). The robot manipulator accelerates or decelerates from the
initial velocity v0 to a specified velocity vs with A+

m or A−
m (A+

m = − A−
m),

then moves at the constant velocity of vs for Δt seconds and finally the

velocity decelerates from vs to 0 with A−
m upon reaching xd. Based on the

multi-stage trapezoidal velocity motion profile, the position constraint
in Eq. (6) is rewritten as follows

xd = x0+
∫te

t0

vdt =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

x0 +
v2s
A+

m
−

v20
2A+

m
+ vsΔt if v0 ≤ vs

x0 +
v20
2A+

m
+ vsΔt if v0 > vs

. (8)

With known x0, xd, v0 and A+
m or A−

m in the multi-stage trapezoidal ve-
locity motion profile, F̂m is only influenced by vs and Δt. F̂m in Eq. (5) is
rewritten as

F̂m = hf (vs,Δt) = hf (vs), (9)

where Δt is represented by vc based on Eq. (8) and hf (⋅) is the function to
decide the maximum contact force under the trapezoidal velocity mo-
tion profile, shown in Fig. 1 (b). F and F are given by

F = hf (v),
F = hf (v).

(10)

2.2. Feedforward trajectory generation based on the mortar dynamics

To study the effect of the maximum contact force on bond strength, a
general feedforward method based on mortar dynamics for robotic
bricklaying systems is developed to reach different maximum contact
forces. To reach Fd with the position and velocity constraints, the ve-
locity v(t) along the compressing trajectory is solved with the optimi-
zation problem Q with an unspecified terminal time, defined as

Q = min
v(t)

‖F̂m − Fd‖,

s.t. xd = x0 +
∫te

t0

vdt,

0 ≤ v(t) ≤ vmax,

v(te) = 0.

(11)

To ensure Fd is achievable, Fd is set within the force reachability
range FR. To solve the optimization problem Q with the reduced
computational load, the optimization variable v(t) in Eq. (11) is
approximated as the multi-stage trapezoidal velocity motion profile
while maintaining the computing accuracy, as shown in Fig. 1. Despite
the reduced computational complexity, the brick reliably reaches the
predefined target position. Based on Eq. (8), the position constraint in
Eq. (11) is converted to the function hx(⋅) of two undetermined variables
vs and Δt. Accordingly, with the trapezoidal velocity motion profile, the
optimization objective in Eq. (11) is converted to the function hf (⋅) of vs

and Δt, given by

Fig. 1. (a) Robotic bricklaying process illustration, (b) Different motion profiles for different maximum contact forces with the uncertain end time te.
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⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

xd = x0 +
∫te

t0

vdt = hx(vsΔt)

Fd = F̂m =

∫te

t0

∂gs

∂p
vdt +

∂gs

∂v
Adt = hf (vsΔt)

,

s.t. v ≤ vs ≤ v,

Δt ≥ 0.

(12)

Using the binary Eq. (12), the motion profile is solved, determining the
feedforward trajectory x̃ff . The workflow is shown in Fig. 2.

2.3. Force-position feedback control design

The feedforward method relies on accurate mortar thickness and
precise mortar dynamics, but in the application, uncertainties in the
mortar thickness and mortar dynamics cause variations in the maximum
contact force. To address this issue, this work proposes the general force-
position control considering the mortar dynamics for robotic bricklaying
systems, as shown in Fig. 2, to achieve the desired position and
maximum contact force with the velocity constraint, defined as follows:
⎧
⎪⎪⎨

⎪⎪⎩

lim
t→te

(x(t) ) = xd

max
t∈(t0 ,te)

(Fc(t) ) = Fd

lim
t→te

(v(t) ) = 0
, (13)

where x(t) is the robot end effector position. The contact force Fc is given
by

Fc = Fe − Fi. (14)

The proposed force-position control method regulates velocity to ach-
ieve the desired maximum force during compression by relying on the
real-time estimated maximum contact force based on the mortar dy-
namics, without changing the brick’s target position. The control law for
the velocity is

vr = vc + δv, (15)

where δv is the velocity control increment. The velocity increment δv at
each time step is

δv = Anδt , (16)

where

An = u(F̂m, Fd), (17)

and u(⋅) is the function of F̂m and Fd to regulate the acceleration. The
velocity v(t) along the compressing trajectory is unspecified and te is
uncertain. For computational simplicity while maintaining the
computing accuracy, the motion profiles (orange solid line) for the
force-position control are established in Fig. 3 to estimate F̂m, with the
robot manipulator either initially moving at a constant speed before
decelerating to 0 at A−

r (Case 1) or directly decelerating to 0 at A−
0 (Case

2, defined in Eq. (21)). Despite the parameterized motion profiles for
reduced computation load, the brick consistently reaches the predefined
target position. In Fig. 3, the green dashed line represents the originally
planned trajectory, while the orange solid line shows the trajectory
generated by the force-position control. From t0 to tc, the orange curve
represents the reshaped trajectory based on force-position control. The
straight section of the orange line from tc to te the endpoint is the pre-
planned trajectory for the remainder of the motion. The blue-shaded
area, bounded by the orange trajectory, represents the region used to
estimate F̂m based on Fc. Given the settled motion profiles shown in
Fig. 3, F̂m is estimated in real time based on Fc and linearized mortar
dynamics defined in Eq. (3), given by

F̂m = Fc +

∫te

tc

δF = Fc +

∫te

tc

∂gs

∂p
vdt+

∂gs

∂v
Adt. (18)

Define the gap distance Δx as

Δx = xc − xd. (19)

Define the braking distance decelerating from vc to 0 at A−
r as xb, given

by

Fig. 2. Robotic bricklaying control diagram with the originally planned tra-
jectory xr , feedforward trajectory based on the mortar dynamics x̃ff , and
reshaped trajectory via force-position control x̃.

Fig. 3. Motion profiles for different cases of maximum contact force estimation. The green dashed line represents the originally planned trajectory, while the orange
solid line shows the trajectory generated by the force-position control. The blue-shaded area, bounded by the orange trajectory, represents the region used to estimate
F̂m. The two subplots illustrate different scenarios: (a) Case 1 of xb ≤ Δx, (b) Case 2 of xb > Δx. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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xb = −
v2c
2A−

r
=

v2c
2A+

r
, (20)

where A+
r = − A−

r . To avoid the overshooting from xd, the comparison
between Δx and xb is conducted at each time step, as shown in Table 1.
Define the deceleration A−

0 as

A−
0 = −

v2c
2Δx

. (21)

The regulation of An for the velocity control increment δv is summarized
in the pseudo algorithm shown in Table 1. With the updated vr at each
time step, the reshaped trajectory x̃ is

x̃ = xc + vrδt. (22)

3. Simulation and experiment verification

This section presents the hardware setup and identifies robot dy-
namics to minimize tracking errors and enhance dynamic response.
Mortar dynamics are identified for simulations and experiments to
validate the proposed feedforward and force-position feedback control
methods. Finally, a case study on corner wall construction compares
different methods, demonstrating the improved performance of the
proposed force-position feedback control.

3.1. Hardware setup

To verify the proposed methods, the bricklaying robot is designed by
combining a Huashu HSR-Co603 collaborative robot with a repeat-
ability of 0.02 mm, a Hypersen HPS-FT060E load cell, and a Chan-
gingTek CTAG2F120 gripper, as shown in Fig. 8 (a). The system’s
computational unit consists of an industrial computer equipped with an
Intel i7–7700 CPU and 16 GB of RAM. The load cell, with a force reso-
lution of 0.08 N and a moment resolution of 0.0015 Nm, is attached
between the robot end effector and gripper. The robot joints, loadcell,
and gripper are all controlled and sensed with the Beckhoff TwinCAT
system via EtherCAT and RS485 communications with 1 kHz and 100 Hz
sampling rates respectively, ensuring high real-time performance. The
loadcell and connectors are characterized by rigidity, ensuring that the
forces measured by the loadcell accurately correspond to the forces
exerted at the contact brick. The force signals obtained from the loadcell
are processed with zero calibration and the inertial force is subtracted.

3.2. Identification of robot dynamic model and tracking performance
evaluation with torque and velocity feedforward

In the bricklaying contact process, the mortar is compressed with a
short mortar penetration distance. The short penetration imposes sig-
nificant challenges on the force-position control method because large
tracking errors and the dynamic response of the robot manipulator affect
the dynamic adjusting ability of force-position control. To address these
challenges, feedforward terms based on the robot dynamic model [32] is
exploited to mitigate the tracking error and improve the dynamic
response of the robot manipulator. To identify the dynamic model of the
bricklaying robot, the dynamic equation of a serial manipulator in the
joint space is derived as

τr = M(q)q̈ + C(q, q̇)q̇ + g(q) + τfric , (23)

where M(q) is the n × n inertia matrix, C(q, q̇) is the n-vector containing
Coriolis and centrifugal forces, g(q) represents gravitational torques, and
τfric is the n-vector friction force for an n-degree-of-freedom robot. The
friction model for robot manipulators [33] is

τfric = fcsign(q̇) + fvq̇ , (24)

where fc and fv are Coulomb and viscous friction coefficients respec-
tively. Eq. (23) is linearized as

τr = WB(q, q̇, q̈)PB , (25)

whereWB is a regression model only depending on the motion data, and
PB is a combination of the standard dynamic parameter set. To enhance
the accuracy of identifying the dynamic parameter set P, the excitation
trajectory is designed to fully stimulate the dynamic parameters specific
to each axis of the robot. The excitation trajectory for each joint is a
finite sum of K harmonic sine and cosine functions [33], given as

qi(t) = qi0 +
∑K

l=1

al

ωf l
sin

(
ωf lt

)
−

bl

ωf l
cos

(
ωf lt

)
, (26)

where ωf is the fundamental frequency, qi0 is the offset of the joint po-
sition of the excitation reference trajectories, and al and bl are the am-
plitudes of the sine and cosine functions, determined through
optimization. The feedforward terms are derived from the dynamic
model of the bricklaying robot and external disturbances. By incorpo-
rating the feedforward terms, the final torque feedforward term τff is
given by

τff = τr + J⊤Fe , (27)

where J is the Jacobian matrix of the robot manipulator.
In this work, the excitation trajectories are designed with a five-term

Fourier series of a fundamental frequency ωf of 0.1 Hz. Optimization is
based on the conditional number of WB and kinematic constraints,
resulting in an optimized excitation trajectory for the robot manipulator,
as shown in Fig. 4. The Huashu robot executes the excitation trajectory,
and the joint position, velocity, and torque are recorded via Beckhoff
real-time control system. After low-pass filtering, the collected data is
employed to fit the minimum dynamic parameter set PB through the
least squares method. The accuracy of the identified dynamic

Table 1
Pseudo algorithm of the acceleration regulation.

Fig. 4. Excitation trajectory.

Y. Zhou et al.
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parameters is validated by comparing the measured torque against the
predicted torque using the parameter set PB. This comparison, as shown
in Fig. 5, demonstrates the validity of the identification results. Table 2
presents the root mean square error (RMSE) between the measured and
predicted torque values. The first three joints exhibit larger RMSE values
due to the higher driven torque requirements for these joints.

Effective force-position control in bricklaying requires precise
tracking to respond quickly to the feedback force signal. The robotic
bricklaying system utilizes a Proportional-Proportional-Integral (P-PI)
position control structure. The system incorporates velocity feedforward
q̇ff and torque feedforward τff into the P-PI position control framework
to minimize tracking errors. Fig. 6 provides a comparative analysis of
tracking errors with and without the feedforward terms. As the planned
path is periodic, the tracking error shows periodic behavior. The in-
crease in tracking error is observed during velocity reversals or at higher
velocities. The results demonstrate a substantial reduction in both peak

error generated during reversals and the steady-state error during con-
stant velocity movement with the feedforward compensation.

3.3. Identification of force-displacement model of mortar

Due to the limited payload and workspace of the robot manipulator,
uniformly sized acrylic bricks at a roughly 1:6 scale of standard Chinese
red bricks, as specified by the Chinese national standard GB/T
5101–2017, are employed in this work. The proposed method is
designed to be generalizable and applicable in actual construction set-
tings. The physical properties of the mortar, such as its viscoelastic
behavior, and bonding characteristic, remain the same regardless of the
brick size. Thus, the use of scaled-down bricks effectively simulates the
real-world bricklaying process. The manipulator initially grabs the brick
and immerses it into the mortar. To ensure consistent mortar thickness, a
scraper is employed to remove excess cement. The manipulator then
presses the brick with mortar at different constant velocities, ranging
from 1 mm/s to 5 mm/s in 1-mm/s increments. Each compression
process at these velocities is repeated multiple times, with load cell
measurements and position feedback recorded. Data collected during
the deceleration phases are excluded from the analysis to maintain
consistency. The average values of multiple sets of contact force and
penetration depth data (indicated by the solid line in Fig. 7) are utilized
to identify the mortar force-displacement model. The mortar dynamics
in this paper are modeled based on experimental observations of its

Fig. 5. Comparison between the measured and predicted torque with the identified minimum dynamic parameter set.

Table 2
Root mean square error between the measured and predicted torque with the
identified minimum dynamic parameter set.

Joint 1st
joint

2nd
joint

3rd
joint

4th
joint

5th
joint

6th
joint

RSME
(Nm)

2.6772 2.8364 2.7827 0.5486 0.4570 0.5061

Fig. 6. (a) Planned trajectory for the tracking error comparison, (b-d) Tracking error comparison in X, Y, and Z direction between the position control with and
without velocity and torque feedforward, showing reduced tracking error with feedforward compensation.

Y. Zhou et al.
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viscoelastic behavior, consistent with the rheological characteristics
studied in [34]. A theoretical linear relationship between torque and
rotational speed in mortar flow is established and experimentally vali-
dated in [34]. This linearity aligns with our current mortar dynamics
model, further supporting its reliability.

The least squares method is employed to fit the model, yielding the
coefficient of determination R2 of 99.51 %, as depicted in Fig. 7, indi-
cating the desired fitting performance of the mortar force-displacement
model. The mortar force-displacement model is

F = (av + b)p, (28)

where a is 0.305 Ns/mm2 and b is 3.25 N/mm. While the identified
model predominantly captures the relationship between force, pene-
tration, and velocity, model uncertainty still exists because the influence
of the velocity change on the mortar force-displacement model is
neglected in the identification process due to the inherent complexity of
these interactions.

3.4. Simulation

This section presents the offline trajectory generation for robotic
bricklaying. Simulations are conducted to validate the proposed feed-
forward and force-position feedback control methods.

3.4.1. Simulation of offline trajectory generation
The robotic bricklaying process is simulated offline, beginning with

the robotic manipulator picking a brick from a designated basket. The
brick is then immersed in mortar, with the excess mortar being scraped
off to ensure even application before the brick is pressed onto a wall
using force-position control. This process simplifies the process by
eliminating the need for additional tools to spread the mortar on the
bricks. During the dipping process, the brick is immersed sufficiently
into the mortar to ensure sufficient mortar coverage for proper bonding
between the bottom and sides of the bricks. To ensure accurate brick
placement in the actual bricklaying process, a calibration procedure is
performed to align the wall’s coordinate system with that of the robot
prior to the work scene establishment. After the entire wall is con-
structed, the robot uses a flat shovel to remove the excess mortar from
the sides of the bricks, as shown in Fig. 8. Assuming a predefined
working scenario, the path for the manipulator is generated using the

Rapidly-Exploring Random Tree (RRT) algorithm [35]. Given the start
position qs and goal position qg, the RRT algorithm expands by incre-
mentally growing a random tree, and adding new nodes until the goal is
reached while avoiding obstacles. This results in a path composed of line
segments connected by nodes in the random tree. However, the inherent
lack of smoothness in this path poses challenges for the manipulator’s
stable operation. To address this issue, the cubic spline function [36] is
employed to interpolate between the points of the RRT-generated path,
ensuring continuity and smoothness of the trajectory, Fig. 8(b) shows.

With the smooth trajectory obtained from the cubic spline function,
time-optimal path planning [37] is exploited to generate the time-
optimal trajectory. This trajectory specifies the position q(t), velocity
q̇(t), and acceleration q̈(t), facilitating the precise movement of the
manipulator along the path. The optimal time path planning is formu-
lated as

min
q(t)

T ,

s.t. |q̇| < q̇m,

|q̈| < q̈m,

(29)

where T is the minimum arrival time under boundary velocity q̇m and
acceleration q̈m conditions.

3.4.2. Simulation of robotic bricklaying based on the identified mortar
dynamics

According to the mortar force-displacement model in Eq. (28), the
linearized mortar model is

δF = (av + b)δp
⏟̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅⏟

∂gs
∂p δp

, (30)

where the impact of δv on δF is ignored because the effect of velocity
change on the mortar model is neglected in the model identification
process. The initial velocity v0 is set to 1 mm/s, v is set to 0.2 mm/s, and
v is set to 8 mm/s. Given the fixed physical distance between the
designed trajectory and the scraper, the mortar thickness l is estimated
at approximately 2.3 mm, based on the gap between the bottom surface
of the brick and the scraper. A gap between two bricks lg is set to 0.5 mm.
A+

m is set to 100 mm/s2. Based on Eqs. (5) and (30), F̂m is given by

F̂m =

∫te

t0

δF =

∫te

t0

(av+ b)δp =

∫te

t0

(av+ b)vdt. (31)

According to the motion profile introduced in Fig. 1 and Eq. (10), the
lowest and highest maximum contact forces between bricks are 5.96 N
and 9.73 N, respectively. With determined F and F, the maximum con-
tact force range is set to 6–9 N with a 1-N sampling step for the feed-
forward method and force-position control. Based on the
aforementioned parameters, the feedforward trajectory is solved via the
constraint Eq. (12) with various desired maximum contact forces from
6 N to 9 N (1-N sampling step). Fig. 10 reveals that the final contact force
grows as velocity increases and the desired position and maximum
contact force are achieved.

To verify the proposed force-position control of the bricklaying
process, a simulation based on the identified mortar dynamics is
established. The simulation workflow is depicted in Fig. 2. During the
force-position control, F̂m is estimated at each time step based on Eqs.
(18) and (30) with the designed motion profile shown in Fig. 3, given by

F̂m = Fc +

∫te

tc

δF = Fc +

∫te

tc

(av + b)δp = Fc +

∫te

tc

(av + b)vdt. (32)

In the force-position feedback control simulation, additional pa-
rameters include A+

r of 80 mm/s2 and kf of 1 N. The force-position

Fig. 7. Average value of multiple sets of contact force and penetration data
under different velocities (solid line), and identified mortar force-displacement
model based on force and penetration data under different velocities (blue
plane). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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control is activated when the contact force surpasses 0.5 N. Due to the
variance in mortar thickness, the simulation is conducted under
different mortar thicknesses to achieve the same desired position and
maximum contact force, as shown in Fig. 9 (a). The method successfully
achieves a consistent desired maximum contact force of 8 N despite
varying mortar thicknesses l from 2.3 to 2.7 mm, while reaching the
desired position. As the mortar thickness increases, the downward mo-
tion slows down to maintain the same maximum contact force.

To validate the proposed algorithm’s ability to adjust to different
maximum contact forces, the simulation is conducted under the same
mortar thickness to achieve the same desired position and different
maximum contact forces, and the simulation result is shown in Fig. 9 (b).
Both the desired position and different maximum contact forces are
reached. As the maximum contact force increases, the downwardmotion
speeds up to ensure the target force is reached. These two above simu-
lations demonstrate the proposed method’s ability to maintain consis-
tent maximum contact forces despite variations in mortar thickness and
adapt different maximum contact forces despite the same mortar
thickness while reaching the desired position. The proposed force-
position control method can adjust the maximum contact force be-
tween bricks within a reachable range. The primary goal is not to
maximize the contact force for each brick but to achieve a consistent

maximum contact force across all bricks, thereby improving the uni-
formity of the bricklaying process.

3.5. Experimental validation of the robotic bricklaying process with
different methods and bond strength comparison under different maximum
contact forces

The bricklaying robot joins two bricks with a 0.5-mm gap using a
pressing velocity of 1 mm/s. Under this case, the mean value of multiple
sets of maximum contact forces is 8.1333 N, with a standard deviation of
1.4946 N, influenced by the uncertainty in mortar thickness. According
to the feedforward method simulation, the feedforward trajectories are
executed by the robot manipulator to explore the relationship between
maximum contact force and bond strength. Experimental results in
Fig. 10 reveal that the final contact force grows as velocity increases.
The theoretical contact force does not exactly match the actual force due
to the uncertainty of mortar thickness and mortar model.

The feedforward method cannot reach precisely the preset maximum
contact force. Thus, bricklaying force-position feedback control based
on the viscoelastic mortar dynamics is proposed to achieve the desired
maximum contact force and position. In the experiment, some param-
eters are set as follows: A+

m of 20 mm/s2, A+
r of 10 mm/s2, and kf of 2 N.

Fig. 8. (a) Bricklaying robot hardware setup, (b) Offline robotic bricklaying trajectory generation with RRT path planning, and spline curve smoothing.

Fig. 9. (a) Simulation of force-position control with the same desired position and maximum contact force 8 N under different mortar thicknesses from 2.3 to 2.7 mm,
(b) Simulation of force-position control with the same desired position and different desired forces from 6 N to 9 N under the same mortar thickness 2.3 mm.

Y. Zhou et al.



Automation in Construction 174 (2025) 106090

9

The proposed force-position control method reaches the desired
maximum contact force, as shown in Fig. 11. The blue line represents the
estimated maximum contact force, and the actual force gradually con-
verges the desired maximum contact force meanwhile the estimated
maximum contact force progressively aligns with and eventually co-
incides with the actual contact force.

Both feedforward and force-position feedback control methods
exhibit position errors less than 0.05 mm, within the robot’s repeat-
ability range shown in Fig. 12. The standard deviation in the maximum
contact force of the feedforward method under multiple sets of experi-
ments is roughly equivalent to that of constant velocity compressing of
1 mm/s. The variation in the maximum contact force of the feedforward
method is notable due to the uncertainty of mortar thickness and mortar
dynamics, as shown in Fig. 13. The standard deviation of the desired
maximum force for force-position feedback control is notably lower than
that of the feedforward approach, as detailed in Table 3. The force-
position control achieves the desired position and force with reduced
variation, enabling further exploration of the relationship between
maximum contact force and bond strength and the consistency of the
bricklaying process.

To compare the energy consumption across different methods, the
instantaneous power P at each time step was calculated with

P =
∑6

i=1
UiIi,

Ii = τfi
/
Kτi,

(33)

where Ii is the motor current, derived from the torque feedback τfi and
the motor’s torque constant Kτi, andUi is the voltage. The average power
across different methods ranges from 30.1693 W to 33.9217 W, as the
robot moves downward from 2.5 mm above the target brick placement.
The mean value of the average power for all methods is 32.4611 W with
a standard deviation of 0.9727 W, indicating consistent power usage
across methods.

Shear bond strength serves as the main metric for the bond strength
in brick walls according to EN 1052–3 [38], exploited to reveal the
relationship between maximum contact force and bond strength. To do
the shear test on the bonded bricks, the electromechanical test system

Fig. 10. Representative contact forces of the feedforward method and feed-
forward trajectories with different velocities based on the mortar dynamics
under the desired maximum contact force of 6, 7, 8, and 9 N.

Fig. 11. Experimental contact force and the corresponding velocity of the
force-position feedback control under the desired maximum contact force of 6,
7, 8, and 9 N in the robotic bricklaying process.

Fig. 12. Steady-state error of final position of multiple sets of experiments
under constant velocity compressing of 1 mm/s, and different desired
maximum contact forces Fd with the feedforward method and the force-position
feedback control.

Fig. 13. Actual maximum compressing force of multiple sets of experiments
under constant velocity compressing of 1 mm/s, and different desired
maximum contact forces Fd with the feedforward method and the force-position
feedback control.

Table 3
Analysis of the actual and desired maximum contact force.

Desired maximum contact force (N) 6 7 8 9

Relative error of
actual and desired
maximum contact

force

Feedforward
method

16.83 % 21.24 % 18.72 % 13.53 %

Feedback control 0.88 % 0.62 % 0.09 % 0.63 %

Standard deviation
of actual maximum
contact force (N)

Feedforward
method

0.9016 0.7965 1.2362 1.6739

Feedback control 0.0483 0.0588 0.0817 0.0958
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with a force capacity of 2000 N from Mechanical Testing & Simulation
Company is employed, as shown in Fig. 14. Shear bond strength τs is
defined as [39]

τs = Fs/Ac, (34)

where Fs is the maximum shear force when the bonded bricks break, and
Ac is the contact area between two bricks of masonry.

The paper investigated the shear bond strength of multiple sets of
bonded bricks pressed at a velocity of 1 mm/s, revealing a mean shear
bond strength of 0.124 MPa with a standard deviation of 1.66×
10− 2MPa. To investigate the relationship between the bond strength
and maximum contact force, shear tests on the bonded bricks are con-
ducted to demonstrate the difference in the shear strength under
different maximum contact forces. Shear test results indicate a positive
correlation between shear bonding strength and maximum contact
force, regardless of the method employed (feedforward or force-position

feedback control), as illustrated in Fig. 15. Compared with the feedfor-
ward method, the variation in shear bond strength of the constant ve-
locity compressing is roughly equivalent. Compared with the force-
position control, the variation in shear bond strength of the feedfor-
ward method is notable due to the large variation of the maximum
contact force in the feedforward method. The results in Table 4 reveal
that force-position feedback control exhibits reduced variation in shear
strength compared with the feedforward method and enhanced shear
bond strength compared with constant velocity pressing, promising a
consistent quality of robotic bricklaying products.

3.6. Case study of corner wall built with robotic bricklaying force-position
control

To implement the proposed method in the robotic bricklaying work,
a corner brick wall is designed and constructed, as shown in Fig. 16 (a)
and (b). In this case study, the corner brick walls are built with constant
velocity compressing of 1 mm/s, feedforward trajectory generation, and
force-position feedback control. To ensure the consistent quality and
high bond strength of brick walls, the desired maximum contact force
between bricks is set to 9 N for the feedforward and feedback method, as
determined in Section 3.5. The bonding quality is assessed visually,
particularly in the horizontal and vertical joints between the bricks. The
use of transparent acrylic bricks and base allows for clear observation of
the mortar filling between the bricks, ensuring that the mortar fills the
joints and forms adequate bond marks at the bottom surface of the
bricks. Additionally, the bricks are detached after bonding to verify that
the filling of both horizontal and vertical joints is sufficient. The built
corner wall is further evaluated based on wall shape accuracy and the
maximum contact force between bricks.

The accuracy of the external surface geometry of the constructed
brick wall is measured using an EinScan Pro HD optical 3D scanner. To
obtain the precise shape of the built corner brick wall, a robotic shovel is
first used to roughly remove excess mortar. A small amount of residual
mortar is then removed manually to prevent interference with the
comparison between the actual wall shape and the theoretical design.
The scanning process captures the entire 3D model of the brick wall,
facilitated by a rotation stage to ensure comprehensive coverage. The
scanned 3D model of the brick wall is matched and compared with the
theoretical model using Geomagic Control X. The resulting wall shape
error maps under three methods are depicted in Fig. 17. The detailed
shape error of built corner walls, including the maximum deviation and
RMSE, is analyzed in Table 5. The shape errors of the corner wall under
different methods are similar, underscoring the robustness of the system
in achieving the desired bricklaying positions, regardless of the specific
method used. The bricklaying robot utilizes an absolute positioning
system, helping to alleviate the accumulated position errors. These

Fig. 14. (a) Shear test illustration for the bonded bricks (black: cement, orange:
bricks, semi-transparent: clamping components), (b) Shear test hardware setup.

Fig. 15. Shear bond strength of multiple sets of experiments under constant
velocity compressing of 1 mm/s, and different desired maximum contact forces
Fd with the feedforward method and the force-position feedback control.

Table 4
Standard deviation of the shear bond strength under different maximum contact
forces.

Standard deviation of shear bond
strength under different maximum
contact forces

6 N 7 N 8 N 9 N

Feedforward method (MPa)
2.16×
10− 2

1.25×
10− 2

3.16×
10− 2

1.08×
10− 2

Feedback control (MPa)
4.80×
10− 3

6.84×
10− 3

7.02×
10− 3

4.72×
10− 3
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errors originate from several factors, including small misalignments in
the arrangement of bricks within the brick basket, slight inaccuracies in
brick shape, and minor interferences during the gripping motion.

The maximum contact force of each brick under the three methods is
illustrated in Fig. 18. The experiment results show that the feedforward
trajectory generation method increases the maximum contact force
compared with the constant velocity compressing. The variation of the
maximum contact force is larger in the constant velocity compressing
and feedforward trajectory generation compared with the force-position
control. In the robotic bricklaying process, the manipulator immerses
the bricks into the mortar and subsequently scrapes off the excess
mortar. However, this procedure results in mortar layers that are un-
intentionally thicker or thinner than anticipated. The large variation of
the maximum contact force in the constant velocity compressing and
feedforward trajectory generation is attributed to inconsistencies in
mortar thickness. Table 5 and Table 6 demonstrate that the proposed
force-position control method reaches the desired maximum contact
force with small variations while building the wall accurately,
enhancing the consistency of the bricklaying process.

4. Conclusion

This paper established a control-based method to enhance the ro-
botic bricklaying process consistency. The control framework was
decomposed into feedforward and feedback approaches. The feedfor-
ward control converted the optimal bricklaying trajectory generation
problem to an optimal control problem with unspecified terminal time.
The optimal control problem, considering the viscoelastic mortar dy-
namics, was parameterized with multi-stage trapezoidal velocity to
reduce the computational complexity. On top of the feedforward tra-
jectory, a force-position feedback control method was proposed to
achieve consistent maximum contact force and accuracy, despite the
process uncertainty. The feedback control method dynamically esti-
mated the maximum contact force based on the real-time force feedback
signals; it further planned the velocity profiles to ensure that the brick’s
final position and contact forces were desirable. The proposed methods
have been validated with various simulation and experiment case

Fig. 16. (a) Theoretical corner wall model, (b) Built corner brick wall.

Fig. 17. Shape error maps of the corner wall under (a) constant velocity compressing, (b) feedforward trajectory generation, and (c) force-position control.

Table 5
Analysis of the shape error of built corner walls under constant velocity com-
pressing, feedforward trajectory generation, and force-position control methods.

Wall building
methods

Constant velocity
compressing

Feedforward
trajectory generation

Force-position
control

Maximum
deviation

1.8275 mm 1.8793 mm 1.7582 mm

RMSE 0.9643 mm 0.9471 mm 0.9539 mm

Fig. 18. Maximum contact force maps of the corner wall under (a) constant velocity compressing, (b) feedforward trajectory generation, and (c) force-
position control.

Table 6
Analysis of the maximum contact force of each brick in the built corner walls
under constant velocity compressing, feedforward trajectory generation, and
force-position control methods.

Wall building methods Constant velocity
compressing

Feedforward
trajectory
generation

Force-
position
control

Mean value of the
maximum contact

force
7.8483 N 9.7495 N 8.9027 N

Standard deviation of
the maximum
contact force

1.6155 N 1.7080 N 0.3190 N
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studies. In simulations, the proposed force-position control was verified
with two cases: consistent maximum contact force despite variations in
mortar thickness and different maximum contact forces under the same
mortar thickness. In experiments, the robot manipulator equipped with
the load cell and gripper pressed the brick to the desirable position and
maximum contact force robustly despite the bricklaying process uncer-
tainty. Shear tests on the bonded bricks demonstrated that the proposed
method achieved bond strength with reduced variation. Thus, the pro-
posed force-position control method showed enhanced consistency in
the robotic bricklaying process. Future studies aim to adapt the proposed
method to more complex masonry structures and irregular bricks.
Advanced tools like laser systems will be integrated to enhance absolute
positioning accuracy and refine calibration between the robotic brick-
laying system and the constructed wall. Additionally, expanding the
robot’s operational range by incorporating mobile platforms or dual-
arm configurations, automating plastering for direct mortar applica-
tion on the brick bottom and side efficiently, and integrating force-
position control for both the bricklaying and wall surface plastering
processes, will be explored.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.autcon.2025.106090.
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