
1 INTRODUCTION 

The architecture, engineering, and construction 
(AEC) industry is moving towards more environmen-
tally friendly, sustainable practices to address the 
challenges posed by climate change (Peralta & 
Smarsly 2022). Sustainable practices range from di-
minishing waste to implementing local, reusable, or 
recycled materials (Guido Araújo et al. 2000). By uti-
lizing eco-friendly materials, such as earthen materi-
als, the AEC industry may be directed towards sus-
tainability. Environmental benefits associated with 
earthen materials include reducing the carbon foot-
print, reducing waste, and recycling materials 
(Pacheco-Torgal & Jalali 2012). 

Earth-based structures use earthen materials as 
main structural materials, such as clay, and are the re-
sult of cost-effective, sustainable construction prac-
tices. However, technical difficulties in earth con-
struction limit the transition of traditional earth 
construction into digital construction (Perrot et al. 
2018). To advance the digitalization of earth con-
struction, principles of earth construction may be cou-
pled with principles of additive manufacturing (AM) 
and smart sensing technologies, taking advantage of 
the expertise gained in other branches of AM, such as 
concrete printing (Smarsly et al. 2020). 

The potential of earth-based AM within the AEC 
industry has been showcased by projects and proto-
types, as reviewed in (Wolf et al. 2022). More de-
tailed studies evaluating earth-based AM have been 

carried out focusing on hardware solutions for extrud-
ers (Gomaa et al. 2021a), material development for 
optimized rheological behavior (Perrot et al. 2018), 
structural performance of components (Gomaa et al. 
2021b), and process enhancement deploying para-
metric toolpath planning and extrusion control (Per-
alta et al. 2020). Furthermore, material extrusion is 
the AM technique commonly adapted to earth-based 
AM, using AM systems based mainly on robotic sys-
tems, similar to the AM systems used for concrete 
printing (Kontovourkis & Tryfonos 2020). 

AM systems, commonly known as “printers”, 
comprise robots, extruders, and material feeders. AM 
systems can broadly be classified as stationary robotic 
systems and mobile robotic systems. Stationary ro-
botic systems have fixed workspaces (e.g. gantry sys-
tems), while mobile robotic systems have mobile ba-
ses that allow variable workspaces (e.g. mobile 
robots). AM systems aim for precise material deposi-
tion, where marginal deviations in position or orien-
tation may lead to printing issues (Dörfler et al. 2022). 

Although AM, and clay printing in particular, is a 
research field of increasing relevance, limited atten-
tion has been directed toward the influence of kine-
matic effects on the accuracy of AM systems in clay 
printing. Unaccounted kinematic effects, such as jerk 
motions and vibrations, might result in deviations in 
the position and orientation of the extruders as well as 
in the continuity of material deposition, hindering the 
quality of the printed components (Dai et al. 2020). 
Hence, further efforts are needed towards 
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investigating the effects of robot kinematics in print-
ing processes. From process-material interactions to 
process control, robot kinematics are key to define ro-
bot behavior, boundary conditions, process parame-
ters, and control strategies. Existing approaches in 
clay printing require long trial-and-error processes to 
ensure efficient process control before high quality 
printed components may be obtained. Digital twin-
ning in clay printing can further the understanding of 
robot kinematics to help mitigate issues that may arise 
in printing processes. 

In this paper, a digital-twin-based framework is 
proposed and implemented to investigate the influ-
ence of robot kinematics on printing processes in clay 
printing. Digital twins are virtual counterparts of 
physical entities, the “physical twins” which are syn-
chronized to reflect the state of the physical entity 
(Tao et al. 2018). Here, digital twins are deployed for 
monitoring and simulation of clay printing, mirroring 
clay printers to identify and mitigate printing issues 
due to kinematic effects. The digital-twin-based ap-
proach is implemented and validated for a clay 
printer, where a digital twin (DT) is developed using 
a physics-based approach to integrate geometry mod-
els, multibody models, and kinematic models.  

The remainder of this paper is organized as fol-
lows. The DT-based framework for clay printing is 
described and implemented for a representative clay 
printer in Section 2. The DT-based framework is val-
idated in Section 3, where simulations of printing pro-
cesses are performed to digitally represent the motion 
of the clay printer under varying printing conditions 
and to identify potential issues in printing processes 
that may be caused by kinematic effects. Finally, the 
main results and conclusions of the study are summa-
rized, and a brief discussion of the limitations and po-
tential future directions is presented. 

2 A DIGITAL-TWIN-BASED FRAMEWORK 
FOR CLAY PRINTING 

This section provides an overview of the DT-based 
framework for clay printing. The DT-based frame-
work is implemented for a clay printer, a 3-degrees-
of-freedom (DOF) SCARA robot. As will be shown, 
the digital twin is used to investigate kinematic ef-
fects of the clay printer on the printing process, by 
providing monitoring and simulation services. 

The DT-based framework proposes a DT concept 
to enable monitoring and simulation of clay printing 
processes, digitally representing the motion of clay 
printers, and identifying potential issues in printing 
processes that may be caused by kinematic effects. 
Monitoring and simulation of robot movements aids 
the identification of deviations in the position of ex-
truders from predefined trajectories that may hinder 
material deposition. By evaluating the deviations in 
extruder position, it is possible to mitigate issues due 

to kinematic effects in printing processes during the 
design and planning of printing projects. This paper 
focuses on identifying points of increased vibration 
and jerk motions in printing processes, predicting re-
lated issues, and defining control strategies to miti-
gate printing errors. 

Digital twins for clay printers are conceptualized 
based on a reference DT architecture previously pro-
posed by the authors (Smarsly et al. 2024). The DT 
uses a layered, service-oriented system architecture to 
represent the functionalities and behaviors of clay 
printers (i.e. physical entity) in a digital environment, 
as shown in Figure 1.  

Figure 1 illustrates the system architecture of the 
DT, comprised of a presentation layer, a platform 
layer, a data acquisition layer, and a transmission 
layer. The presentation layer contains a user interface 
that enables user interaction with the digital twin. The 
platform layer encompasses the digital representa-
tions of the clay printers, services for monitoring and 
simulation, and data storage. The digital representa-
tions include geometric models, multibody models, 
and kinematic models. The monitoring service over-
sees the system performance and status throughout 
the simulation. The simulation service executes sim-
ulations employing models and process-related data 
to accurately replicate the behavior of the clay printer. 
The data acquisition layer collects data from the clay 
printer and sensors, and the transmission layer ena-
bles communication between the layers. 

 

 
 
Figure 1. System architecture for the digital twin for clay printing. 

2.1 A digital twin for clay printers 

Clay printers in this study are represented as robots 
using the standardized Denavit-Hartenberg (DH) 
convention and are modeled digitally using a physics-
based approach. The positions of individual joints of 
the robots are estimated using a numerical solution to 
the inverse kinematics problem, utilizing a numerical 
solver based on the Levenberg-Marquadt algorithm, 
while proportional-integral-derivate (PID) controllers 



are utilized to adjust process-related parameters ac-
cording to the behavior of the robot.  

The digital twin for the 3-DOF SCARA clay 
printer is implemented using MATLAB and Simulink 
(MathWorks 2024a) as a modeling and simulation 
tool. A geometric model of the clay printer is used to 
generate a multibody model to represent the compo-
nents and the physics-based interactions between the 
components of the robotic system, resulting in a rigid 
body tree robot model. In addition, a kinematic model 
is derived considering the robot model and joint posi-
tions based on DH parameters of the robot (Denavit 
& Hartenberg 1955). By integrating the robot model 
into the simulation environment model, monitoring 
and simulation services are developed. The services 
replicate the motion of clay printers for user-defined 
trajectories and process-related parameters (e.g., print 
speed and material payload) using PID controllers to 
adjust the behavior of the clay printer based on a feed-
back loop for the joint positions. In the following sub-
sections, an overview of the robot model, the kine-
matic model, and the simulation service is presented. 

2.1.1 Robot model 
The 3-DOF SCARA clay printer has three joints (Fig-
ure 2), two revolute joints (J1 and J2), and a prismatic 
joint (J3). The first revolute joint J1 is located at the 
base of the robot and can rotate around θ1 in the range 
between 0° to 360°. The prismatic joint J3 is con-
nected to the vertical rail, positioned directly above 
revolute joint J1 at the base, and is capable of vertical 
motion up to a maximum height (d1) of 1.03 m. Two 
robot links are connected by the second revolute joint 
J2 and attached to the prismatic joint J3. The second 
revolute joint J2 has a rotation range between 0° to 
180°, i.e. from completely stretched out to a fully re-
tracted state. The extruder is controlled by a linear ac-
tuator ram that extrudes the clay for deposition. 

2.1.2 Kinematics model 
The kinematics of the clay printer are defined using 
the DH convention to determine the parameters for 
modeling links and joints, from the base (position 0) 
to the extruder (position E). Accordingly, the DH pa-
rameters are determined as shown in Table 1. To es-
timate joint configurations of the robot to follow a tar-
get printing path of the extruder, a numerical solution 
to the inverse kinematics problem is calculated. The 
numerical solution involves solving a numerical opti-
mization problem that utilizes an iterative process to 
determine joint positions that allow the end-effector 
to converge to the required pose (i.e. extruder pose) 
by minimizing the difference between the target end-
effector pose and the current pose. The Levenberg-
Marquadt algorithm is selected as the numerical 
solver for the inverse kinematics solution as it is ex-
pected to converge faster than other numerical meth-
ods when used along predefined trajectories of the ex-
truder (MathWorks 2024b). In contrast to the 

analytical solution to the inverse kinematics problem, 
the use of a numerical solver provides a robust solu-
tion and avoids robot singularities (Sugihara 2011). 
 

 
 
Figure 2. Multibody model of the SCARA clay printer, includ-
ing link and joint assignments. 

 
Table 1. Denavit-Hartenberg parameters for the SCARA clay printer. 

Posi-

tion/joint 

αi-1 ai-1 di θi 

0 0 0 0 0 

1 0 0 0 θ1 

2 0 0 d1 0 

3 ±180° l1 0 θ2 

E 0 l2 d2 + d3 0 

 

2.1.3 Simulation service 
The simulation service is deployed using the Sim-
scape simulation tool within Simulink, as shown in 
Figure 3. To simulate the motion of the clay printer, 
the simulation service uses target trajectories, target 
end times, and material payload as inputs. The target 
trajectories are defined as a vector of target points pi 
= (xi, yi, zi) representing the coordinates of the ex-
truder. From the target print speeds, discretized time 
steps are assigned to each target point, and a trapezoi-
dal velocity profile is generated. The inverse kinemat-
ics block numerically solves the target trajectory into 
estimated joint positions (θ1, θ2, d1). The estimated 
joint positions are fed into the PID controllers, which 
convert the joint positions into process-related param-
eters for torque and force. The torque and force pa-
rameters are used to predict the behavior of the clay 
printer expressed as output trajectory, output velocity, 
output acceleration, and output torque. To refine the 
simulation, a feedback loop is deployed to return 



actual join positions, which are derived from the out-
put trajectory, to the PID controllers. Points of in-
creased vibration and jerk motions are identified as 
peaks in the output torque and output velocity, 

respectively. In the following section, the validation 
of the DT-based framework is presented.  
 

 

 
Figure 3. Simscape simulation architecture. 

 
3 SIMULATION OF ROBOT KINEMATICS FOR 

CLAY PRINTING 

This section describes the validation of the DT-based 
framework. To evaluate the suitability of the digital 
twin for identifying issues that may be caused by kin-
ematic effects, it is essential to assess the correctness 
of the outcomes of the simulation. Therefore, an illus-
trative case study is defined for validation, where the 
printing process of a wall-like test structure is moni-
tored and simulated considering various printing sce-
narios and control strategies.  

3.1 Case study 

The case study describes the printing process of a test 
structure consisting of a rectangular wall element 
with a jagged inner structure. The printing process for 
each layer is divided into three steps, namely perime-
ter structure, infill structure, and layer transition. 
First, the perimeter structure of the wall is printed by 
depositing material along the outline of the wall. Sec-
ond, the infill structure of the wall is printed, where 
material is deposited along the jagged inner structure 
providing stability. Third, the extruder moves back to 
an initial position while transitioning to the next layer 
and moving the extruder to the subsequent layer 
height. The process is repeated until printing of the 
wall element has been completed. According to the 
printing process, a target printing path is defined per 
layer. 

 
3.2 Results 

The target printing path for the wall element is de-
fined as a target trajectory for the simulation, as 

shown in Figure 4, with a target print speed of 0.1 m/s. 
To investigate potential changes in accuracy during 
the printing process, the material payload on the ex-
truder is varied throughout the simulation process. 
The relationship between process-related parameters 
and the material payload, including related kinematic 
effects, is one of the primary uncertainties for the 
SCARA clay printer. To study the relationships be-
tween the parameters, four printing scenarios with 
varying material payloads are introduced. The mate-
rial payload starts at full extrusion capacity and is de-
creased by one-third of its capacity in every scenario 
until the extruder has been completely emptied. 
Therefore, the four printing scenarios, corresponding 
to material payloads at 100%, 66%, 33% and 0%, are 
compared in subsequent simulation results.  

 

 
 
Figure 4. Simulation environment and target trajectory. 



The real printing path, i.e. output trajectory, is ob-
served and shown as an error tracking graph for every 
joint (Figures 5 and 6). The error for each joint posi-
tion is subsequently compared across simulations 
with varying material payloads spanning 100%, 66%, 
33% and 0% of the material payload. The results in-
dicate that the model of the clay printer tracks the tar-
get printing path with only minor errors. It is observed 
that initial deviations arise due to the settling time as-
sociated with the PID controllers. Furthermore, errors 
are comparatively reduced at the corners of the 
printed structure with the reduction of the material 
payload. In addition, it can also be observed that the 
output torques across simulation experiments de-
crease, especially at their peaks (Figures 7 and 8) and 
output velocities remain closely aligned during simu-
lation experiments (Figures 9 and 10). Compara-
tively, the output force for joint J3 decreases due to 
decreasing material payload in the extruder, however, 
errors across the entire simulation are negligible (Fig-
ure 11).  

Results from experiments performed within the 
simulation environment indicate that estimated joint 
positions for the joints of the clay printer successfully 
track the target trajectories with minimal deviation. 
The simulation environment exhibits real-time per-
formance and latency-free estimation of joint posi-
tions, while also displaying robustness against robot 
singularities. The results thus validate the imple-
mented simulation system for further experiments us-
ing real-world data, to evaluate extrusion rate errors 
from the simulation data, and to define control strate-
gies. 
 

 
 
Figure 5. Error tracking for the position of joint J1. 

 
 
 

 
 
Figure 6. Error tracking for the position of joint J2. 
 
 

 
 
Figure 7. Output torque of joint J1. 

 
 

 
 
Figure 8. Output torque of joint J2. 
 
 

 
 
Figure 9. Output angular velocity of joint J1. 
 
 



 
 
Figure 10. Output angular velocity of joint J2. 

 

 

 
 
Figure 11. Output force of joint J3. 

4 SUMMARY AND CONCLUSIONS 

In this paper, the influence of robot kinematics on 
clay printing processes has been investigated using a 
digital-twin based approach. A digital twin has been 
developed to replicate the motion of clay printers, 
thereby identifying printing issues caused by kine-
matic effects as well as validating the print path plan-
ning. For validation, a 3-DOF SCARA clay printer 
has been exemplarily used, simulating the printing 
process of a wall-like test structure.  

The digital twin concept has been implemented us-
ing modeling and computing tools for modeling the 
geometry, the multibody system and the kinematics 
of the SCARA clay printer. As input parameters, the 
simulation service provided by the digital twin uses 
inverse kinematics to replicate robot motions using 
target trajectories, target print speeds, and material 
payload on the extruder. A graphical user interface al-
lows inputting parameters for the simulation as well 
as visualizing the data generated by the simulation, 
such as animations and plots. The validation has been 
performed on a rectangular wall element with a jag-
ged internal structure, considering varying material 
payloads. Comparative curves have been used to dis-
play the results obtained from the simulation. It has 
been observed that the accuracy of the clay printer im-
proves as the material payload decreases during the 
printing process due to material deposition. The re-
sults display the viability of the approach used for 

modeling a SCARA clay printer. The model exhibits 
a robust and fast simulation environment that can be 
used to facilitate the optimization of kinematic devia-
tions.  

In conclusion, issues arising from the robot kine-
matic of the robot can be mitigated by evaluating 
printing parameters via simulations of the printer 
movements by generating appropriate printing strate-
gies. The validation has been conducted on a test 
structure where kinematic effects caused by vibra-
tions and jerk motions are expected, e.g., showcasing 
increased error rates at sharp corners. However, limi-
tations are observed in the simulation service pro-
vided by the digital twin, as sensor data from the 
SCARA clay printer is needed as inputs to further an-
alyze the tradeoff between printing accuracy and print 
speed. In future work, the research may be extended 
towards developing DT services for real-time moni-
toring and device control in clay printing to archive 
adaptive printing. 

ACKNOWLEDGMENTS 

The authors gratefully acknowledge the support of-
fered by the German Research Foundation (DFG) 
through grants SM 281/17-1 and SM 281/22-1 and by 
Hamburg University of Technology through the I3 
Program under the junior project “Digitalization of 
earth printing to advance climate-informed engineer-
ing”. Our sincere thanks go as well to HC Hagemann 
GmbH & Co. KG, Hamburg, Germany, for gener-
ously providing the infrastructure utilized for this 
study. Any opinions, findings, conclusions, or recom-
mendations expressed in this paper are those of the 
authors and do not necessarily reflect the views of the 
sponsors and partners. 

REFERENCES 

Dai, C., Lefèbvre, S., Yu, K., Geraedts, J.M.P., & Wang, C.C.L. 
(2020). Planning jerk-optimized trajectory with discrete time 
constraints for redundant robots. IEEE Transactions on Au-
tomation Science and Engineering, 17(4), pp. 1711-1724. 

Denavit, J. and Hartenberg, R.S. (1955). A kinematic notation 
for lower-pair mechanisms based on matrices. Journal of Ap-
plied Mechanics, 22(2), pp.215-221. 

Dörfler, K., Dielemans, G., Lachmayer, L., Recker, T., Raatz, 
A., Lowke, D., & Gerke, M. (2022). Additive manufacturing 
using mobile robots: Opportunities and challenges for build-
ing construction. Cement and Concrete Research, 
158(2022), 106772. 

Gomaa, M., Jabi, W., Veliz Reyes, A., & Soebarto, V. (2021a). 
3D printing system for earth-based construction: Case study 
of cob. Automation in Construction, 124(2021), 103577. 

Gomaa, M., Vaculik, J., Soebarto, V., Griffith, M., & Jabi, W. 
(2021b). Feasibility of 3DP cob walls under compression 
loads in low-rise construction. Construction and Building 
Materials, 301(2021), 124079. 

Guido Araújo, A., Pereira Carneiro, A.M., & Perez Palha, R. 
(2000). Sustainable construction management: A systematic 



review of the literature with meta-analysis. Journal of 
Cleaner Production, 256(2020), 120350. 

Kontovourkis, O. & Tryfonos, G. (2020). Robotic 3D clay print-
ing of prefabricated non-conventional wall components 
based on a parametric-integrated design. Automation in Con-
struction, 110(2020), 103005. 

MathWorks (2024a). Simulink: Simulation and model-based de-
sign. Available online: https://de.mathworks.com/prod-
ucts/simulink.html, accessed on 03/27/2024. 

MathWorks (2024b). Inverse kinematics algorithms. Available 
online: https://de.mathworks.com/help/robotics/ug/inverse-
kinematics-algorithms.html, accessed on 03/28/2024. 

Pacheco-Torgal, F. & Jalali, S. (2012). Earth construction: Les-
sons from the past for future eco-efficient construction. Con-
struction and Building Materials, 29(2012), pp. 512-519. 

Peralta, P., Heine, S., Ludwig, H.-M., & Smarsly, K. (2020). A 
BIM-based approach towards additive manufacturing of 
concrete structures. In: Proceedings of the 27th International 
Workshop on Intelligent Computing in Engineering (EG-
ICE). Berlin, Germany, 07/01/2020. 

Peralta, P. & Smarsly, K. (2022). Sustainable structural health 
monitoring using e-waste and recycled materials. In: Pro-
ceedings of the Eighth International Conference on Struc-
tural Engineering, Mechanics and Computation (SEMC). 
Cape Town, South Africa, 09/05/2022. 

Perrot, A., Rangeard, D., & Courteille, E. (2018). 3D printing of 
earth-based materials: Processing aspects. Construction and 
Building Materials, 172(2018), pp. 670-676. 

Smarsly, K., Peralta, P., Luckey, D., Heine, S., & Ludwig, H.-
M. (2020). BIM-based concrete printing. In: Proceedings of 
the International ICCCBE and CIB W78 Joint Conference 
on Computing in Civil and Building Engineering 2020. Sao 
Paolo, Brazil, 08/18/2020. 

Smarsly, K., Ahmad, M. E., Peralta, P., Al-Zuriqat, T., Al-Nas-
ser, H., Dragos, K., & Chillón Geck, C. (2024). Digital twins, 
architectures, and elements in civil engineering – A multivo-
cal literature review. In: Proceedings of the 20th Interna-
tional Conference on Computing in Civil and Building Engi-
neering (ICCCBE). Montréal, Canada, 08/25/2024. 

Sugihara, T. (2011). Solvability-Unconcerned Inverse Kinemat-
ics by the Levenberg–Marquardt Method. IEEE Transac-
tions on Robotics, 27(5), pp. 984-991. 

Tao, F., Cheng, J., Qi, Q., Zhang, M., Zhang, H., & Sui, F. 
(2018). Digital twin-driven product design, manufacturing 
and service with big data. The International Journal of Ad-
vanced Manufacturing Technology, 94(2018), pp. 3563-
3576. 

Wolf, A., Rosendahl, P.L., & Knaack, U. (2022). Additive man-
ufacturing of clay and ceramic building components. Auto-
mation in Construction, 133(2022), 103956.  

 


