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Abstract: Concrete-printing robots have become an advanced technology in the construc-
tion industry that allows the creation of complex structures, while saving materials and
shortening construction time compared to traditional methods. With the structure of a
concrete 3D printing robot using a concrete extruder with a screw, this mechanism provides
stable flow of concrete, and less pressure fluctuation. However, using a large mass extruder
changes the inertia of the joint and the mass coefficient of the arm when the mass changes,
leading to a position error. With the high demands for precision and stability in the op-
eration of 3D concrete printing robots, advanced control methods have become essential
to ensure trajectory tracking and robustness in complex real-world environments. This
study provides a sliding mode controller with an error and integral, and derivatives are
introduced into the sliding surface to improve the stability of the robot without chattering.
The controller exhibits fast convergence times and small trajectory tracking errors, at less
than 0.1 mm. Simulation results show that this controller is suitable for concrete 3D printing
applications, and the controller exhibits fast and good responses to continuously changing
extruder mass. This enables the robot to track the expected trajectory with high accuracy.

Keywords: SMC; PID-SMC; Vietnam 3D concrete printer; chattering-free

1. Introduction

With the development of science and technology, 3D printing technology has rev-
olutionized various industries, from manufacturing and healthcare to construction [1].
Three-dimensional concrete printing robots have emerged as a groundbreaking innovation.
This technology offers unparalleled efficiency, and helps save materials and time. With
their flexibility, 3D concrete printing robots can create complex architectural structures
that traditional methods struggle to achieve. These robots bring precision and flexibility
to construction processes, enabling the rapid production of intricate designs and simul-
taneously reducing labor requirements and environmental impact. Three-dimensional
printing robots require high precision in pre-set trajectories. The volume of concrete in
the extruder changes continuously, making it difficult for the controllers. A controller that
can quickly adapt to disturbances in the system is required for this type of robot. Sliding
mode control (SMC) is a robust and nonlinear control method widely used for systems
operating under uncertain conditions and disturbances [2]. It works by forcing the system’s
state to reach and remain on a predefined sliding surface, ensuring stability and desired
performance despite model inaccuracies or external disturbances. The key advantages of
SMC include its high robustness, fast response, and simplicity of implementation. SMC
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has been successfully applied in various fields, including robotics, power systems, and
automotive control.

With the developments in 3D printing technology today, many studies have shown
outstanding advantages of using robots in the construction industry [3,4]. Robots are
used to replace humans in construction to help reduce accidents and risks to humans and
reduce material waste during construction [5]. In addition, robots can build using complex
trajectories, which would otherwise require a lot of experience for humans to be able to
perform. Many studies have been conducted on 3D-printed robots for applications in many
different fields [6,7]. With the rapid changes in load, controllers must be carefully studied,
and it has been seen that SMC is a powerful control method widely applied in systems with
many disturbances and uncertainties. In the study of Aderajew et al. [8], they proposed a
self-turning method for sliding mode control, and the results were impressive; however,
the complex calculations can reduce the robot’s real-time computation time. In sliding
control, studies use different sliding surfaces to increase stability and help the system
converge in a finite time. The chattering phenomenon is one of the biggest disadvantages
of SMC; it is likely to cause damage to mechanical structures [9]. Many control techniques
have been developed, such as incorporating Al algorithms to alleviate the chattering
phenomenon, in studies carried out to overcome these disadvantages [10-12]. However,
there are many calculated-parameter difficulties in the adaptive control of these robots, and
Al weights can be uncertain, causing danger to the robot’s mechanical system [13]. The
use of nonlinear sliding surfaces can reduce the convergence time of the model, leading to
chattering-free performance, as mentioned in the study of Feng et al. [14]. In the study of
Mirzaee et al. [15], they also proposed a combined controller using a fractional terminal
sliding mode with a Fuzzy type II system for exoskeleton robots, and achieved accurate
and stable zero-force control under noisy and uncertain conditions, while significantly
reducing the chattering phenomenon and improving the convergence time, or applying
intelligent control algorithms in controlling and operating robots [16]. This study proposes
advanced control methods for 3D concrete printing robots to address the challenges posed
by disturbances in the extruder’s mass as disturbances. The nonlinear slip surface variation
enables the system to achieve impressive results, which are shown in Section 4.

In this study, a controller uses a chattering-free PID-based sliding surface for 3D
concrete printing robots, with cylindrical configurations. The paper is organized as follows:
The mathematical model for the 3D concrete printing robots is briefly presented in Section 2.
Section 3 presents the design of proportional integral derivative sliding mode control that
is chattering-free. The results and discussions are presented in Section 4.

2. Mathematical Model of 3D Concrete Printing Robots

Cylindrical robots are characterized by their ability to operate flexibly in 3D spaces,
thanks to their structure consisting of one rotary joint and two translational joints [17].
Compared to Cartesian and SCARA robots, cylindrical robots can easily access curved
surfaces and print tall or complex structures such as pillars and domes [18]. At the same
time, their simple structures reduce maintenance costs and increase reliability in harsh
construction environments. Furthermore, their compatibility with nonlinear control sys-
tems makes cylindrical robots the optimal choice for concrete 3D printing applications that
require high precision and superior performance.

Figure 1 illustrates a 3-DoF robotic arm, where the first joint is a rotational joint
about the z-axis, the second joint performs vertical translation, and the third joint executes
horizontal translation, where 1, is the mass of the hub, m,, is the mass of the end-effector
and m,, is the mass of the radial arm and [ is length of the radial arm. Simulating the
dynamic equations for a robot is essential for design and simulation purposes to ensure
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that the model can function as intended. The dynamic equations provide designers with an
understanding of the relationship between position, velocity, and acceleration when forces
are applied to the system. The robot’s dynamics are calculated using the Lagrange-Euler
method [19]. The dynamic equations of the concrete printing robot used here are defined
in Equation (1).
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M(q)q +C(q,9)9 + G(q) +d(t) = 7, (1)
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Figure 1. Model of 3D Concrete Printing Robots.

For the robot with three DoFs, M(q) € R%*3, C(q,9)q € R332, and G(q) € R° are,
respectively, the inertia matrix, the Coriolis and centrifugal forces, and the gravity vector,
and T € R is the control input of torque or force vector; §,4,q € R° are joint position,
velocity, and acceleration vectors, respectively, and d(t) is a disturbance. Applying the
Lagrange-Euler method to calculate the 3D concrete printing robot dynamic equation, the
parameters of this dynamic equation are shown as (2)—(5).
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F;

where m, mass of the radial assembly with m, =m,, + m,,, m; is the mass of vertical
displacement with m, = m, + my, m,, is mass of the radial arm, and 1, is the mass of the
end-effector (6).

.
qg=6|,q=|6],9= 0], (6)
7 . .
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The change in the moment of inertia of this link is defined by Equation (7) when the
end-effector’s position is changed.
N Mra (3 03 2
i(r) = 5 (P 4+ (1= 1)) + mar?, )

The dynamics of the robot can be rewritten as in (8).

§=M"(q)(r~Clg,9)q~G(q) —d(t)), (®)

The uncertain components in the system are present in the system because of various
factors. Mechanically, varieties of uncertain components are represented as nonlinear
friction at the joints, vibrations in operation, and variation in the moment of inertia. These
uncertain components can cause trajectory deviations unless they are rejected. Additionally,
environmental disturbances such as environmental vibrations and the variation in the
frictional force of the printing surface affecting the extruder are also causes of instability
in the robot’s system. Other uncertainties include errors in dynamic parameters such as
mass displacement and center of gravity, inaccuracies in the calculation of the Coriolis and
centrifugal matrices, sensor errors, control system delays, and unmodeled factors. This
presents a significant challenge in nonlinear system control. Therefore, control algorithms
must ensure the ability to compensate for these uncertainties, with sliding mode control or
observers, to estimate and mitigate disturbances in real time.

In addition, the concrete extruder is considered an uncertain component in 3D concrete
printing robots. The concrete extrusion process is also inherently unstable in terms of the
variations in extrusion pressure, and material non-uniformity also affects the quality and
accuracy of the printed concrete layers. The mass of the concrete extruder (m,y,) is also
considered an uncertain component that needs to be evaluated. The mass of the extruder
changes continuously over time because concrete in the extruder is continuously extruded
and fed during the printer’s operation. Furthermore, it is important to evaluate the force
acting on the extruder when the concrete is fed into the extruder and the non-uniform mass
distribution of the concrete in the extruder. All of these can cause trajectory deviation in
the operation of the 3D concrete printing robots.

3. Design for Chattering-Free Proportional Integral Derivative Sliding
Mode Control

Sliding mode control (SMC) is highly regarded because of its properties and abilities
in controlling nonlinear systems with uncertain components and disturbances. With robust
disturbance rejection capabilities, although SMC does not require an extremely precise
model of the system, this controller ensures that the system operates with high stability
through the sliding surface principle, and SMC ensures rapid convergence time to reach
the desired trajectory [20]. Moreover, SMC efficiently handles nonlinear systems and those
with complex constraints, which are often challenging for linear controllers [21]. Its fast
response time and computational simplicity make it an ideal choice for applications de-
manding high precision and real-time performance. However, the chattering phenomenon
is the biggest problem when applying this method in practical implementations. These
characteristics make SMC a compelling solution in industrial applications such as robotic
control, especially in 3D concrete printing, with operating conditions that are often complex
and impossible to measure. The choice of sliding surface is not only the initial step, but
also the most critical factor determining the performance of the control system. The sliding
surface serves as the core component that ensures the system transitions from its initial state
to a stable state along the desired trajectory, regardless of the presence of disturbances or
uncertainties in the model. A well-designed sliding surface guarantees rapid convergence,
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stability, and precise trajectory tracking. Cylindrical 3D printing robots are subjected to
a variety of disturbances that can affect their performance and quality. Mechanical dis-
turbances include vibrations and backlash in rotary joints or linear actuators, as well as
instability in extended radial links due to increased inertia. Material-related disturbances
caused by inconsistent material properties, such as viscosity, drying rate, and clogging in
the extruder, are unmeasurable disturbances. The disturbances affect sensor inaccuracies,
cause delayed feedback responses, and control system lags, leading to trajectory errors.
In addition to that, external disturbances, namely ground vibrations, temperature and
humidity fluctuations, and external forces like wind, further impact stability and material
flow. Addressing these disturbances requires robust designs, advanced control algorithms,
and rejecting the noise.

The integration of error states, integrals, and derivatives of errors into the sliding sur-
face in sliding mode control systems leverages the strengths of both methodologies, offering
a robust solution for nonlinear and uncertain robotic systems. The PID components provide
essential control advantages, such as the proportional ensures rapid response to current
errors, the integral term eliminates steady-state errors through accumulated corrections,
and the derivative term enhances stability and mitigates oscillations [22]. By incorporating
SMC, the combined approach delivers superior robustness against disturbances and un-
certainties, overcoming the limitations of traditional PID controllers. Moreover, the usage
of the PID sliding surface eliminates the reaching phase, ensuring smooth and immediate
convergence to the sliding surface, which improves trajectory tracking exponentially. This
hybrid design simplifies parameter tuning, as in (y1, 42, #3), and maintains stability and
reduces dependency on precise system modeling, making it highly effective for practical
implementations. Experimental results have demonstrated that PID-SMC provides sig-
nificantly higher accuracy and smoother responses compared to conventional controllers,
solidifying its role as a preferred approach for complex, nonlinear robotic manipulator
systems. In SMC, the sliding surface is determined as a nonlinear function with the expec-
tation that the system will approach zero in finite time, which is set up as Equation (9). The
error is defined as e = g, — g, which is the deviation of the set angle and the actual angle of
the robot. In this study, the sliding surface integrating the state error variable, the integral,
and the derivative of the robot errors is defined in Equation (9).

S= et yz/edt + s, )
Theorem 1. The error of the robot trajectory and the set trajectory approaches zero in a finite time if
the sliding surface is selected according to Formula (9) and the control law is designed as (11)—(13).

In addition, the control law is designed to solve Equation (11), with the part of the
controller chosen as (12) and (13).

Uf = Ueq + Uy, (10)
ueg = =B 1 (q)A(q,9) + B (q)p3 " (Vai?ref + H2e + W)f (11)
un = B (q)p3 (s + ysign(s)), (12)

Then, the dynamic equations of the 3D concrete printing robot can be rewritten as (13).

q=A(4,9)+B(q)(u+d(t)), (13)
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where )
o ' A1(q,9)
a=10 |, Aqq9) = | A2q,9)
A3 (Qf q) , (14)
Bi1 Bip Bz F
B(q)=| Bn Bx By |,u=| 1
B31 B3 Bz F;

In this controller, the term uS has a crucial role in enhancing control performance. It
helps accelerate the system’s convergence to the sliding surface S = 0, smoothens the control
signal, and reduces the chattering effect often associated with the term. This is particularly
important in mechanical systems, where chattering can lead to wear and tear or damage to
components. The uS provides a soft push force, it helps the system maintain robustness
under small disturbances or against uncertainties, while ensuring a smoother control signal
with less abrupt changes. The value of u can be adjusted to balance between convergence
speed and stability, with larger u values ensuring faster convergence but potentially causing
small oscillations, while smaller y values result in smoother control signals at the cost of
slower convergence. In nonlinear systems, stability and convergence time are the most
significant challenges. Lyapunov’s theory provides a powerful framework for analyzing
and designing such systems. By defining an energy-like function, known as the Lyapunov
function, which tends to decrease over time, we can verify that the system’s states will
converge to the desired equilibrium point or follow the prescribed trajectory. The Lyapunov
criterion not only guarantees global stability but also guides the design of effective control
algorithms, particularly in nonlinear systems subject to disturbances and uncertainties. For
this reason, the Lyapunov theory has become a fundamental tool in the development of
advanced control methods such as sliding mode control, adaptive control, etc. [23,24].

Proof. The stability of the system is proven by Lyapunov candidates, which means S
approaches zero, making V approach zero in finite time. The Lyapunov candidates and
derivative of the Lyapunov energy function are defined in Equation (15).

1
V= 552’ (15)

v =¢5Ts, (16)
Derivative of the sliding surface (17).
S = e+ pae + e, (17)
And

V = S(pe + pae + psé)

= S e+ poe + U3 (e — 27))

= S (16 + piae + piaiyeg = ((Maileg + Hae + 1aé) + S + sign(s) — pad(t)) )
= —S(puS + ysign(s) — pad(t))

. (18)

Suppose that the disturbance d(t) is bounded by Dy with Dyyac > 0 in Equation (19).
1 < [ Dmax]l, (19)

The coefficient v needs to be chosen sufficiently large such that the system can coun-
teract or exceed the effect of the disturbance d(t), and it follows the equation. A sufficient
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value of 7y is required to ensure the sliding surface S reaches zero and ensures the system’s
stability under the influence of disturbances.

Y 2 U3Dmax, (20)

The conditions for system stability are satisfied when V < 0. When V < 0 across
the entire state space, except at the equilibrium point S = 0, the system is considered
asymptotically stable, meaning the state S converges to zero. Using Equations (18)—(20),
the derivative of the Lyapunov function can be rewritten as (21).

V = —q|S|| — uS? <0,VS, 1)
O

Let t; be the time when s reaches 0 from time ¢,; the convergence time of the system is
calculated as in Formula (22).

V= —7|IS| - us* < =S|

y V b

o it < o (—rv2)at
—-2/V(to) < —yv2(t; —to) 22)
th <to+ V2Vih)

1)
Y

i <to+

The PID sliding manifold is designed according to Equation (17), adjusting the param-
eters i1, 42, and 3 to change the mechanical characteristics of the system. The natural
oscillation frequency of the system w;, and the damping factor ¢ are chosen to simplify
the calculation processes of the system. With ¢ = 1, the desired characteristic equation
e+ 2Cwye + w%e = 0. The coefficients are selected based on the natural oscillation parame-
ters and the damping factor as follows (23):

2w, 0
MG
4. Results and Discussion

To ensure accurate trajectories for the concrete 3D printing robot, the controller is
calculated to counteract disturbances caused by various factors. The closed-loop control
structure diagram of a concrete 3D printing robot with three degrees of freedom is shown
in Figure 2. The desired position is compared with the actual position of the robot, which
is measured by the position sensor. The error between the desired and actual trajectory is
fed into the PID-SM controller, which adjusts the control signal to ensure that the robot
accurately tracks the set trajectory. This controller sends the signal to the concrete 3D
printing robot system, which controls the three degrees of freedom to reach the desired
trajectory. Concrete 3D printing robots operate under constantly changing load conditions.
The process of continuously adding concrete to the extruder causes its mass to change,
which makes it difficult for controllers to follow the placement trajectories. In concrete
printing robots, trajectory errors play an important role because the structures are built
based on the principle of stacking with overlapping prints. In this study, the robustness
of SMC is desirable for developing and eliminating chattering to apply the algorithm
in practice.
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Eq. 8

Forward

Kinematics

Eq. 10-12

Figure 2. Overall diagram of the proposed controller for the 3D concrete printer robot.

To validate the effectiveness of the proposed control algorithm, simulations are con-
ducted using MATLAB Simulink 2023a with a sampling time of 0.002 ms. We consider the
conventional sliding mode control (SLM) with the sliding surface and control algorithm as
Equations (24)—(27).

S=ctKe (24)

Up = Ueg + Un (25)

Up = Bil(q)Kd*l‘uS + ysign(s) (26)

ey = =B (9)A(3,9) + B~ (9)K; " (Ki,of +¢) 27)

The simulation is designed to replicate the dynamic behavior of the robotic manip-
ulator under various operating conditions. The proposed controller is implemented in
MATLAB Simulink, and its performance is evaluated by analyzing the accuracy of trajectory
tracking and robustness against disturbances. The trajectory tracking for the end-effector is
presented in this section. The simulation is performed in 20s with a trajectory consisting
of two straight lines and a curve, and the continuous change in extruder mass as seen in
Figure 3. The results of trajectory tracking, the errors in the X axis and Y axis, are shown in
Figures 4 and 5, and the control signal is shown in Figure 6.

Mass of extruder(Kg)

80 T T T

60
o
X
a 40
€

20 | | | | | | I I I

0 2 4 6 8 10 12 14 16 18 20
Time (s)

Figure 3. The continuous change in extruder mass.

Trajectory of robot with PID-SMC

— Actual trajectory

Trajectory of robot with PID-SMC — Desired trajectory| 1

08 0.8
098
097
206 B 206
E 0996 E
- -
0595
0.4
0.994 04
0993
02 02
090 09999 1 1001 10002
X
0 . s 0
02 03 04 05 06 07 08 09 1 192
X (m)
(a)
Figure 4.

conventional SMC.

Trajectory of robot with Conventional Sliding Mode Control

‘—Actual trajectory
—Desired trajectoryy

Trajectory of rabot with Conventional Sliding Mode Control

Actual rajectory
\—Desired trajectory

097 08 099 1 101 102 103
X(m)

0.3 0.4 05 0.6 0.7 08 0.9 1 1.1
X (m)

(b)

The trajectory of the robot (a) using the proposed controller and (b) using the
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Figure 5. Comparison of errors between PID-SMC and SLM; (a) using the proposed controller and

(b) using the conventional SMC.
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Figure 6. Comparison of control signals between PID-SMC and SLM; (a) using the proposed controller
and (b) using the conventional SMC.

The simulation results show that the actual trajectory closely tracks the desired tra-
jectory. The robot’s trajectory is smooth, and there is no chattering phenomenon in the
robot’s trajectory. The error of trajectory is negligible and gradually decreases to zero.
The controller ensures long-term system stability. In the simulation results, the trajectory
error increases slightly when the robot trajectory changes suddenly or is affected by a
disturbance, but the controller quickly reacts to the disturbance and makes the system
reach a stable state again. The control signals of the three robot stages are stable and do
not cause chattering, which ensures durability and limits mechanical wear on the system.
The PID-SMC controller guarantees fast convergence times, high stability, and good distur-
bance rejection capability for the robot system. The controller ensures that the concrete 3D
printing robot tracks the desired trajectory with only slight error. Considering the concrete
3D printing robot, this system is subjected to a large load from the extruder due to the
constant change in extruder mass during the printing process over time. In addition, the
system is also affected by other nonlinear components such as friction, gravity, and Coriolis.
With the simulation results, the PID-SMC controller shows its potential when applied
to such systems. The PID-SMC controller also demonstrates good disturbance rejection
and achieves high efficiency when handling complex trajectories. The proposed control
algorithm ensures smooth movement of the robot arm, limits chattering, and ensures the
quality of the printed object is uniform and consistent.
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Based on the simulation results, the trajectory with the conventional sliding mode
controller has a higher trajectory tracking error than the PID-SMC controller. When using
the conventional sliding mode controller, the system has a sluggish response to distur-
bances or sudden changes in the trajectory. In addition, the control signal, when using the
conventional sliding mode controller, has too much chattering, which adversely affects the
system, as chattering causes wear and damage to the system. From the comparison results
between the two algorithms, the PID-SMC control algorithm delivers superior performance
in significantly reducing trajectory tracking error, the system quickly reaches a stable state
after disturbances or sudden trajectory changes, and it significantly reduces the chattering
of the control signal. The 3D concrete printing robot is introduced in Figure 7, including in
design, and the actual robot.

z
r
>

ra
m,

N~

a b

Figure 7. Three-dimensional concrete printing robot (a) in design and (b) reality.

5. Conclusions

In this study, a sliding controller with a PID-based sliding surface with chattering-free,
for controlling the trajectory of robot joints is proposed for the dynamics of a cylindrical
robot. The application of the sliding mode controller for a 3D concrete printing robotic
system in cylindrical configurations has demonstrated promising results. The controller
ensures fast convergence, with errors significantly reducing within a short time. The con-
troller highlights its ability to respond effectively to input changes and dynamic trajectories.
Its high stability and chattering-free performance are particularly beneficial for smooth
and precise robot operation, minimizing vibrations and wear on mechanical components
while ensuring consistent and accurate concrete extrusion. These qualities are critical for
maintaining structural integrity and achieving high-quality prints. Overall, the sliding
mode controller provides a reliable and efficient solution for 3D concrete printing applica-
tions, particularly in handling complex and continuous printing tasks. In future work, the
controller must be applied to an actual robot to evaluate the its performance.
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