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Abstract 
The construction sector is a major contributor to global CO2 emissions and energy 

consumption. 3D concrete printing (3DCP) provides sustainable solutions to tackle the 
environmental challenges. However, the long-time and continuous operation of robotic 
arm printers in 3DCP incur critical challenges in energy efficiency. To address these 
challenges, this study aims to develop an energy consumption (EC) model of a robotic 
arm in 3DCP. The proposed EC model has desirable agreement compared to the 
experimental result, achieving an accuracy 99.51%. The impact of the proposed EC 
model is evaluated by printing a pre-designed path with various positions. Results 
reveal that the EC reduction can achieve up to 53.72% with varying positions. The 
findings reveal that the proposed EC model has the potential to reduce the EC for 
energy efficiency in 3DCP. 

1 Introduction 
The construction sector is a main contributor to global carbon emissions and energy consumption 

due to the huge amount of cement production (Li et al., 2024). 3D concrete printing (3DCP) provides 
the potential to address these challenges with enhanced productivity and sustainability (Mechtcherine 
et al., 2018). Previous research has demonstrated that 3DCP outperforms precast concrete by reducing 
25.4% the overall cost, 85.9% in CO2 emissions, and 87.1% in energy consumption concerning the 
production of a prefabricated bathroom unit (Weng et al., 2020). However, 3DCP typically exhibits a 
higher electricity consumption than conventional construction since a long operation of the robotic 
arm is required for large-scale printing (Zhang et al., 2018). It is pressingly needed to enhance the 
energy efficiency of robotic operation during printing. 

Kajzr et al., (2024) investigated the energy consumption (EC) of a robotic arm in 3DCP in a 
simulated environment. The results demonstrate that the motion characteristics of robotic arms and 
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their operational scenarios significantly influence energy consumption, presenting challenges for 
accurate energy modeling. The EC behavior of a robotic arm is determined by the joint configurations, 
motion trajectories, and tasks (Wang et al., 2018). Most of the existing EC optimization methods 
mainly focus on specific applications such as welding (Zhou et al., 2022), polishing (Cao et al., 2020), 
and other assembly processes (Soori et al., 2023). For instance, Pellicciari et al., (2013) and Feng et 
al., (2021) proposed methods to optimize robotic trajectories for energy-saving in pick-and-place 
tasks. The results show that a 10% reduction of EC reduction can be achieved based on flexible joint 
configurations (Feng et al., 2021). Liu et al., (2018) investigated the correlation between robot speed 
and EC, identifying an optimal speed range for energy minimization. Gadaleta et al., (2021) 
conducted extensive experiments on industrial robots, revealing an energy-saving potential exceeding 
50%. 

However, few studies have been conducted with respect to the application of the EC model in 
3DCP. 3DCP typically exhibits unique characteristics compared to the processes abovementioned, 
including 1) constrained joint configurations due to a vertically fixed concrete extruder, 2) high 
gravitation and fractional force, and 3) the requirement of a continuous toolpath. To fill the above 
research gaps, the first step is to construct the EC model, taking 3DCP characteristics into account. In 
this study, firstly, an EC model compatible with 3DCP is proposed. The EC model is established by 
determining a parameter set of a robotic arm. The effect of printing positions on the EC behavior of 
the robotic arm is evaluated using a pre-designed printing path. 

2 Method 
The movement of a robot is powered by joint torque. Joint torques are associated with the robot's 

dynamic parameters, including mass, the center of mass, inertia tensor, and frictional joint torque. The 
robot dynamic model establishes the relationship between joint torque and joint configuration, 
expressed by: 

 𝜏𝜏 = 𝑀𝑀(𝑞𝑞)𝑞̈𝑞 + 𝐶𝐶(𝑞𝑞, 𝑞̇𝑞)𝑞̇𝑞 + 𝐺𝐺(𝑞𝑞) + 𝜏𝜏𝑓𝑓(𝑞𝑞)                                        (1) 
where 𝜏𝜏 represents the joint torque vector, 𝑞𝑞 , 𝑞̇𝑞 , and 𝑞̈𝑞  are joint position vector, joint velocity 

vector, and joint acceleration vector, respectively. 𝑀𝑀(𝑞𝑞) is the positive definite inertia matrix, 𝐶𝐶(𝑞𝑞, 𝑞̇𝑞) 
is the Coriolis-Centrifugal matrix, 𝐺𝐺(𝑞𝑞) is the torque vector induced by gravity. 𝜏𝜏𝑓𝑓(𝑞𝑞) is the frictional 
vector. In this study, the friction vector can be formulated as (Paes et al., 2014):  

 𝜏𝜏𝑓𝑓(𝑞̇𝑞) = 𝑓𝑓𝑣𝑣𝑞̇𝑞 + 𝑓𝑓𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑞̇𝑞)                                                           (2) 
where the 𝑓𝑓𝑣𝑣 and 𝑓𝑓𝑐𝑐 represent viscous and Coulomb friction coefficients, respectively.  
For each link, a set of dynamic parameters needs to be determined, including the mass (mi), center 

of mass (𝑪𝑪𝑚𝑚,𝑖𝑖) , the inertia tensor (𝑰𝑰𝑚𝑚,𝑖𝑖), as well as vicious (fvi) and Coulomb friction items (fci). The 
dynamic parameter vector (𝜋𝜋𝑖𝑖) of link typically contains parameters related to the mass, center of 
mass, and inertia:  

 𝜋𝜋𝑖𝑖 = [ 𝑚𝑚𝑖𝑖 ,𝑪𝑪𝑚𝑚,𝑖𝑖 , 𝑰𝑰𝑚𝑚,𝑖𝑖 ,  𝑓𝑓𝑐𝑐,  𝑓𝑓𝑣𝑣]                                               (3) 
and a dynamic parameter set (𝚷𝚷) to represent the collection of robot dynamic parameters: 

 𝚷𝚷 = [𝜋𝜋1,𝜋𝜋2, … ,𝜋𝜋6]𝑇𝑇                                                           (4) 
where 𝚷𝚷 defines the used to create the robot links object. The robot object can be created based on 

the determined parameter set 𝚷𝚷. Afterward the modeled joint torque 𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚can be calculated by the 
recursive Newton-Euler method rne, given joint position 𝑞𝑞, velocity 𝑞̇𝑞, and acceleration 𝑞̈𝑞 (Chignoli et 
al., 2023). This operation can be represented by: 

 𝜏𝜏 = 𝑟𝑟𝑟𝑟𝑟𝑟(𝑞𝑞, 𝑞̇𝑞, 𝑞̈𝑞)                                                         (5) 
the robot real-time power 𝑃𝑃(𝑡𝑡) satisfies: 

𝑃𝑃(𝑡𝑡) = 𝜏𝜏(𝑡𝑡)𝑞𝑞(𝑡𝑡)                                                         (6) 
during a time period of robotic motion 𝑇𝑇, the total EC can be calculated with Eq. (6):  
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𝐸𝐸 = ∫ 𝑃𝑃(𝑡𝑡)𝑑𝑑𝑑𝑑 
𝑇𝑇                                                      (7) 

Rapid is a programming language designed to control robotic systems. In the motion of a robot, 
the joint data can be collected via the function of GetJointData in Rapid and sent to the computer. 
The collected data, including joint torque 𝜏𝜏𝑐𝑐𝑐𝑐𝑐𝑐  and joint configuration (𝑞𝑞, 𝑞̇𝑞, 𝑞̈𝑞)𝑐𝑐𝑐𝑐𝑐𝑐 , can be used to 
calculate the collected power 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡)  and total EC 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒  by Eqs. (6) and (7) from experiment, 
respectively. It should be noted that GetJointData cannot provide the data of joint acceleration, and 
therefore, the collected joint acceleration (𝑞̈𝑞𝑐𝑐𝑐𝑐𝑐𝑐 ) is calculated numerically through a central finite 
difference method (Teixeira et al., 2023). The modeled power 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡)  and EC 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚  from the 
experiment is calculated by Eqs. (5)~(7) using the collected joint configurations (𝑞𝑞, 𝑞̇𝑞, 𝑞̈𝑞)𝑐𝑐𝑐𝑐𝑐𝑐. 

The dynamic parameter set 𝚷𝚷 can be determined by minimizing the variance between the collected 
real-time power 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐(𝑡𝑡) and modeled power 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡), which are discrete data. The total number of 
collected discrete data is labeled as N, 𝑃𝑃𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐 , and 𝑃𝑃𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚 , utilized to represent n-th collected and 
modeled instantaneous power. To determine the dynamic parameter set, an objective function is 
defined as below:  

 𝐶𝐶 = �1
𝑁𝑁
∑ �𝑃𝑃𝑛𝑛

𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑃𝑃𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚�𝑁𝑁
𝑛𝑛=1                                               (8) 

where the objective function C indicates the difference between the collected and modeled power. 
Once the dynamic parameters set 𝚷𝚷 is determined, the objective function C reaches its minimum. 

 
Figure 1: Motion trajectory illustration: (a) dimensions of the printing path; (b) printed specimens; (c) printing 

setup and area; (d) a continuous robot trajectory for printing. 
 

In this study, the test trajectory is pre-defined for dynamic parameter determination. As shown in 
Figure 1 (a), a pre-designed printing path is adopted for experiment, and the position is represented by 
a central reference point. Figure 1 (b) illustrates the printed concrete structures along the pre-designed 
path. Figure 1 (c) shows the setup of the printing task, and Figure 1 (d) presents the start point (Ps), 
middle point (Pm), and end point (Pe) in the trajectory for power comparison. The real-time power 
data (𝑃𝑃𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐) will be collected during the robotic operation. The dynamic parameter set of the robot arm 
will be determined to construct the EC model by minimizing the defined objection function C in Eq. 
(8). 
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3 Results and Discussion  

3.1 Comparison between Modeled and Collected Test Trajectory 
In this work, 𝚷𝚷 and C are regarded as independent and dependent variables, respectively, and the 

function of fminunc in Matlab-2024 is applied to optimize C and determine the parameter set 𝚷𝚷. Then, 
the real-time power and the EC behavior during robot motion can be determined in theoretical models.  

Figure 2 (a) shows the comparison between the theoretical and experimental instantaneous power-
time curves. The local maximum can be detected when the end effector moves at the Pm. At least five 
experiments were conducted for the test trajectories. The EC can be calculated by employing Eq. (6), 
and experimental and simulation results can be seen in Figure 2 (b). The accuracy of EC prediction is 
99.51%, indicating that the proposed EC model is reliable in predicting the EC values during the 
motion of the robot arm.  

 

 
Figure 2: Results to determine model parameters. (a) comparison between the theoretical and experimental 
results of real-time power  𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐; (b) comparison of the theoretical and experimental results for a 

printed BRE path. 

3.2 Impact of Position on EC Behavior 
As stated above, for a given trajectory, the EC value can be calculated via the proposed EC models 

with the determined parameter set 𝚷𝚷. Then, the effect of printing positions on EC was evaluated. Five 
different positions within the working area of the robot were used in this study. Figure 3 (a) shows the 
printing setup and five different positions. The coordinate data of these positions are referenced to the 
base frame and are listed in Table 1. Figure 3 (b) shows the printing paths with different positions 
P1~P5, which are located at the four corners and the central location of the working area.  
 

Points Position (mm) 
𝑃𝑃1 (1100, 400, 0) 
𝑃𝑃2 (1100, -400, 0) 
𝑃𝑃3 (1400, -400, 0) 
𝑃𝑃4 (1400, 400, 0) 
𝑃𝑃5 (1250, 0, 0) 

Table 1: Coordinates of different positions. 
 
During the robot motion in the virtual environment, the collected joint configuration (𝑞𝑞, 𝑞̇𝑞, 𝑞̈𝑞)𝑐𝑐𝑐𝑐𝑐𝑐  

can be obtained for EC calculations. Figure 4 presents the simulated result of EC values for positions 
P1~P5. The results show that the EC value in position P4 is the highest, 2,497.6J, comparable to the 
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EC value in position P3. The EC value in position P2 is the lowest, 1,151.2J, comparable to the EC 
value in positions P1 and P5, 1,185.4J and 1,237.8J, respectively. Results reveal that the EC value can 
be reduced by 53.72% between the maximum (P4) and minimum (P2) values among different 
positions. This is mainly attributed to the different robot configurations during the printing. In 
practical applications, printing positions can be regarded as an optimal factor in the EC model for 
printing path-planning to realize energy efficiency and lower carbon emissions in the 3DCP process. 

 

 
Figure 3: Diagram for various positions: (a) printing setup and printing platform; (b) pre-designed path at 

different printing positions of P1~P5 on the printing platform. 
 

 
Figure 4: Simulated EC at different printing positions. 

4 Conclusion  
This study integrates the construction characteristics of 3D concrete printing (3DCP) with the 

dynamic parameters of robotic arms to develop an energy consumption model tailored for 3DCP 
operations. The proposed model provides energy consumption analyses for both printing positions 
and printing paths in 3DCP, thereby facilitating the achievement of low-carbon construction. The EC 
model is constructed by the determination of the dynamic parameter set Π. Then, the effect of the 
printing positions on EC is explored in 3DCP. Results show that a 99.51% accuracy of the modeled 
EC behavior can be achieved compared to that of the experimental results. The EC can be reduced by 
53.72% with the optimization of the printing position for the pre-designed path. This proposed EC 
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model for 3DCP provides a novel design method for researchers and designers to enhance energy 
efficiency in 3DCP processes. 
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