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Abstract  

According to the CONPrint3D concepts, in order to improve the reliability of machine technology and expand the scope of 3D 
concrete printing, the printing system will be integrated into the truck-mounted concrete pump, which has the problem of 
insufficient positioning accuracy of the printhead. This article discusses a manipulator for compensation and positioning of 
the printhead from deflections of the boom of a truck-mounted concrete pump used as a construction 3D printing 
manipulator. The manipulator must compensate for the workspace X ±300, Y ±300, Z ±250x mm (X – length, Y – width, Z – 
height). To solve these problems, a comprehensive literature review of manipulators (serial, parallel, and hybrid) was carried 
out. Manipulators were sorted according to several criteria: degree of freedom, number of actuators, leg designs; and 
workspace and overall dimensions. Inverse kinematic problems are solved to determine the workspace and dimensions of 
the manipulators. Clavel's delta robot was selected among the manipulators, and the direct and inverse kinematics problems 
were solved. To understand and predict the behavior of Clavel's delta robot, a virtual experiment was made using dynamic 
modeling with the OpenModelica program. 
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1. Introduction 

3D concrete printing is an additive manufacturing process 

used to produce building structures with completely new 

shapes by pouring concrete into layers.[1] This has several 

advantages over traditional methods of construction, among 

them: in the construction of buildings with round or complex 

shapes 3D printing is faster and cheaper;[2] labor productivity 

is higher;[3] in the construction of single-story buildings from 

the economic point of view 3D printing is more profitable: in 

the UK by 35%,[4] in Germany by 50%,[5] in the United Arab 

Emirates by 78%,[6] as a raw material can use recycled 

concrete, environmentally efficient.[7] 

Nevertheless, construction 3D printing is still a relatively 

new technology, and there are problems with its widespread 

adoption in construction, such as the cost of 3D printing 

equipment, the limited workspace of printing, and the need for 

further research and development to ensure the safety and 

reliability of 3D-printed structures. Most pilot projects and 

research work on large-scale concrete construction 3D printers 

based on extrusion consist of a printhead and a positioning 

system (manipulator). For positioning the printhead, they use 

a gantry,[8-14] articular,[15-19] and cable manipulators.[20,21] But 

these industrial robots have a limited workspace, which limits 

the size of printing objects, and they were originally designed 

for use in factories and therefore are not suitable for heavy 

construction site conditions.[22] 

One way to increase the reliability of 3D printing designs 

is that traditional construction machines can be used for 

positioning the printhead. And so TU Dresden has developed 

the concept of monolithic 3D printing CONPrint3D,[23,24] 

which is due to the requirement of construction standards and 

ES Materials and Manufacturing  

DOI: https://dx.doi.org/10.30919/esmm1127 

1 Department of Mechanical Engineering, Satbayev University, 

Almaty 050013, Republic of Kazakhstan. 
2 RnD center, Almaty 050067, Republic of Kazakhstan. 
3 Professur für Baumaschinen, TU Dresden, Dresden 01062, 

Germany. 
4 Department of Mechanics, Al–Farabi Kazakh National University, 

Almaty 050040, Republic of Kazakhstan. 
5 Laboratory of Applied Mechanics and Robotics, Karaganda 

Buketov University, Karaganda 100001, Republic of Kazakhstan. 

*Email: azamat.mustafa91@gmail.com (A. Mustafa), 

florian.storch@tu-dresden.de (F. Storch), kairov.rustem@mail.ru 

(S. Mukhagali), mukhagali.sagyntay@gmail.com (S. Mukhagali) 

Buk
eto

v U
niv

ers
ity



Research article                                                                                                                           ES Materials & Manufacturing 

2 | ES Mater. Manuf., 2024, 24, 1127                                                                                                                                        © Engineered Science Publisher LLC 2024 

aims at the maximum possible use of existing construction 

machinery. According to the presented concept to increase the 

reliability of the machine technology and to expand the scope 

of application the printing system is integrated into the truck-

mounted concrete pump.  

The truck-mounted concrete pump is used as a positioning 

system for the printhead. However, truck-mounted concrete 

pump booms are prone to mechanical deformation and 

vibration excitation that occur when pumping concrete[25] and 

rotational vibration[26] when the boom moves. To solve the 

above problems, an active boom vibration control strategy has 

been proposed,[27-31] and X. Sun et al. proposed a closed-loop 

detection and open-loop control strategy communication to 

track the trajectory.[32] Cazzulani et al. considered a truck-

mounted concrete pump as two subsystems: the boom and the 

truck-mounted concrete, they studied the effect of boom 

vibration exerted by each subsystem, and research 

achievements provide a theoretical basis for the control of 

boom vibration.[33] However, these works only consider boom 

vibration without taking into account fluctuations due to boom 

deformation. In the work of S. Zorn et al.,[34] a simulation 

model of a truck-mounted concrete pump boom was created, 

which, in addition to the movements of the boom segments 

relative to each other, also takes into account the steel 

deformations of the boom segments and the behavior of the 

hydraulic cylinders. Although this work indicates that the 

work is important for adapting a truck-mounted concrete 

pump to work as a construction 3D printer, it does not provide 

specific values for the minimum and maximum deviations. In 

the work,[35] which is a logical continuation of this work, the 

deviation from the specified trajectory on average along the 

axes is indicated: X 90 mm, Y 51 mm, z 150 mm. Such 

accuracy of positioning is not acceptable for 3D printing with 

concrete. The positioning accuracy of the printhead must 

comply with the design tolerances of DIN 18202. 

To compensate for boom deflections and to increase 

printing accuracy by DIN 1study and design of the 

manipulators are required.  

 

2. Methods 

2.1 Formulation of the problem 

The manipulator for the compensation unit used in the 3D 

printing process must be compact and lightweight in order not 

to impair the dynamic properties of the printhead positioning 

system. It must also have good dynamic performance, which 

is necessary to realize fast compensating movements.[36-37] 

The required degrees of freedom of the compensating unit 

must be determined depending on the motion system of the 

printhead (in our case, the movement of the truck-mounted 

concrete pump boom) and the planned printing trajectory. Fig. 

1 shows the procedure for printing a wall in a straight line 

using a truck-mounted concrete pump.  

The truck-mounted concrete pump is located in the global 

coordinate system B. The boom of the truck-mounted concrete 

pump moves in the cylindrical coordinate system and has 3 

DOF: rotational along the axis 𝑍𝑀  and movement along the 

axes YMZM. The concrete layer to be printed is described in the 

S coordinate system and is also located in the coordinate 

system B. The D coordinate system represents the printhead. 

The truck-mounted concrete pump links work as a planar 

sequential manipulator. To print a wall along a straight path 

(coordinate system S), it is necessary that the printhead (axis - 

𝑍𝐷 ) always remains in a vertical position relative to the plane 

of the printed wall (axis - 𝑋𝑆𝑌𝑆), thus, the 𝑋𝐷𝑌𝐷plane and the 

𝑋𝑆𝑌𝑆  plane of the layer needs to be parallel. The vertical 

position of the printhead is controlled by the rotational 

movement (axis - 𝑋𝐷) between the connection of the last boom 

of the truck-mounted concrete pump and the printhead. To 

follow the orientation of the wall (e.g. if the wall has a 90° 

corner) during the printing process, it is necessary to rotate the 

printhead around the 𝑍𝐷  axis. And at the end, translational 

deviations along the axes 𝑋𝐷, 𝑌𝐷 and 𝑍𝐷 are compensated.  
As you know, large weight compensation will require a 

correspondingly large manipulator with large power and 

 
Fig. 1 Determination of the necessary movements for precise positioning during the printing process (а) DOF compensation 

unit, 1 – last boom, 2 – printhead (b) world frame compensation block. 
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dimensions. To simplify compensation tasks, the 

compensation unit can be divided into two parts: a) 

mechanism for keeping the printhead in the vertical position 

and b) compensation of translational deviations of the nozzle 

along the XYZ axes (Fig. 2). The rotation along the Z axis to 

change the trajectory of the printing wall was provided when 

designing the nozzle, that is, the nozzle is rotated by an 

independent motor separately (nozzle rotation[38]). 

The vertical position of the printhead is ensured by the Watt 

or Stephenson lever mechanism. To compensate for the 

translation movement deflection we need to choose a suitable 

manipulator and for this, we have sorted the manipulators in 

section 2.2. 

Based on traditional construction standards and the results 

of TU Dresden's research,[39-42] a basic requirement for a 

compensation manipulator was drawn up. Which includes: 

compensation workspace - X ±300, Y ±300, Z± 250 mm is the 

deviation of the last boom of the truck-mounted concrete 

pump which was determined by research work at the Technical 

University Dresden;[39-42] the maximum moving speed of the 

manipulator is 0.2 m/s, which is the printing speed; [36] the 

positioning accuracy of ±5 mm was determined by the 

tolerances of the building design according to DIN 18202; and 

finally the degree of protection IP65 and above which are 

designed to protect against aggressive conditions like dust, dirt, 

and water. 

 

2.2 Sorting manipulators for the nozzle to compensate for 

translation movements 

2.2.1 Comparison of manipulators 

When choosing suitable kinematics, in addition to the DOF, 

dynamic and structural aspects must also be considered. 

Typical dynamic issues are load capacity, posture-dependent 

system stiffness, or acceleration capability. 

To select a manipulator that meets the above requirements, 

a deep literary analysis of manipulators was made: serial and 

parallel structures (Table 1). 

A serial manipulator is a chain mechanism connecting 

several joints in various ways (usually rotating and prismatic). 

Serial manipulators are also called open-chain manipulators 

because one end of the manipulator is attached to the fixed 

base, while the other end (end-effector) is free to move in 

space.[43]  

The parallel manipulator is a mechanical system consisting 

of two connected platforms, namely a fixed platform and a 

moving platform, connected by at least two independent legs. 

Compared to serial analogs, parallel manipulators consist of 

closed kinematic chains.[44] 

Table 1. Comparison table of serial and parallel manipulators. 

 

 

Characteristics[45] 

Serial manipulator 

 

Parallel manipulator 

 

Structural rigidity Low High 

Manipulator weight Big Small 

Load capacity Low High 

Inertial load High Low 

Positioning accuracy Low High 

Workspace Big Small 

Work and installation space Big Small 

 
Fig. 2 PrintHead and installation options for the mechanism for keeping the PrintHead in the vertical position and nozzle 

compensation manipulator. 
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Some properties of the manipulator types are compared in 

Table 1. Serial manipulators have some advantages: they have 

a large workspace and can be skillfully maneuvered. However, 

due to the cantilever construction, their load capacity is 

limited.[46] The work of Reimund Neugebauer,[47] Uchiyama M. 

D,[48] or Hesse Stefan and Malisa Viktorio[49] essentially 

emphasizes the lower moving mass and the more favorable 

dynamic properties of parallel robots compared to serial 

manipulators but they often have a limited workspace. A 

hybrid manipulator is a combination of closed and open chain 

mechanisms or serial-parallel mechanisms. These 

manipulators try to overcome the limited workspace of 

parallel manipulators and provide functions of both sequential 

and parallel manipulators.[50-52] 

Since serial manipulators do not meet the set requirements 

such as structural rigidity, high load capacity, high positioning 

accuracy with high-speed end-effector movements, and the 

ratio of mass to load capacity, that is why serial manipulators 

are excluded from the candidates for the compensation 

manipulator. Next, parallel and hybrid manipulators are 

considered.  

The manipulator is sorted into two steps, in the first step 

section 2.2.1.: by DOF, number of drives, and leg design. In 

the second step section 2.2.2: workspace and dimensions. The 

workspace of the manipulators must be X= ±300, Y ±300, Z=  

± 250 mm (length - X; width - Y; height - Z). 

 

2.2.2 Sorting manipulators by DOF and leg structure 

The first criterion to select a manipulator for the compensation 

of the translational movements is the number of DOF of the 

entire manipulator. Parallel and hybrid manipulators have 

translational, rotational, or mixed DOF.[53] For choosing a 

manipulator, it’s important to reduce the structure to the 

necessary DOF. This will also reduce the number of drivers 

and in the end, the total mass of the manipulator, and this 

improves the movements with the boom of the truck-mounted 

concrete pump.  

According to the literature review, the main types of 

parallel manipulators were distinguished, and they can be 

divided by the structures (by the number of legs from 3-6) (Fig. 

3). 

3-leg parallel manipulators, also called tripods, have three 

legs connected to the platforms via joints. There are many 

different leg structures to realize only rotational or mixed 3 

DOF, e.g. 3-UPS,[54] 3-RPS,[55] 3-RPU,[56] 3-PRS.[57,58] It’s also 

possible to move 6 DOFs with Tripods if several joint DOFs 

are driven in the individual leg chains, for example, 3-RRRS[59] 

which is driven by six rotating joints or 3SPU,[60] and 

redundantly actuated 3UPS PMs.[61] In the context of this 

publication, tripods with purely translational movements are 

 
Fig. 3 Sorted manipulators of parallel and hybrid structures. 
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more interesting, for example (in the yellow circle): 3-UPU by 

Tsai or Hassani,[62,63] 3-RUU by Bałchanowski,[64] 3-PUU by Li 

and Xu,[65] and Calvel’s delta robot (3-RRR).[66] Based on the 

3-RRR, other similar structures have been developed, which 

are essentially different in the joint types used and the 

respective driven joint of the chain. Examples of these leg 

structures are 3-RUU[67] or 3-PUU.[68] 

The extension of the number of legs usually results in the 

way, that the number of DOFs increases in the same way. As 

an example, the 4-legged delta robot,[69] the 4-PRS,[70] or 4-

UPU,[71,72] have either one more translational or rotational 

degree of freedom. As with tripods, 6 DOF can also be realized 

with 4-legged manipulators, e.g. 4-UPS[73] or 4-URS.[74] In the 

4-UPS-UPU add two different legs and the final manipulator 

has 5 DOF.[75]  

The best-known 6-leg parallel manipulator is the Stewart-

Gough platform (6-SPS).[76,77] This can alternatively also be 

designed with the 6-UPS leg structure.[78] A similar structure 

of kinematics can be achieved if the order of the joints is 

exchanged within the closed kinematic chain, e.g. 6-PUS.[79,80] 

Some variations to avoid translational joints are shown by the 

structure 6-RUS.[81,82] All the manipulators presented have 6 

degrees of freedom. 

The hybrid manipulators (serial-parallel structure) shown 

in Fig. 3 have a serial structure: serial-parallel hybrid 

manipulator,[83] Hydrolek HLK-7 W[84] and Electrical arm 5E[85] 

(in the yellow circle). One driver allows rotation around the Z-

axis and the other drives are combined in corresponding 

parallel kinematic mechanisms to realize the plane movement 

in the arm plate and increase the system stiffness. 

As shown in Fig. 3, only the parallel kinematic 

manipulators that perform purely translational DOF are 

selected for closer examination, which means (in the yellow 

circle): 3-UPU; 3-RUU; 3-RRR; 3-RSS, and 3-PUU. Among 

the hybrid manipulators with mixed DOF, the Serial-Parallel 

structure Hydrolek HLK-7 W and the Electrical arm 5E are 

shortlisted, because hybrid manipulators possess the 

advantages of both serial and parallel manipulators from a 

rigidity and workspace point of view.[86,87] 

The next selection criterion is the type of joints within the 

kinematic chains. These joints influence to a considerable 

extent the size of the workspace, the manipulability within the 

workspace, the positioning accuracy due to bearing play, the 

system rigidity, or the manufacturing costs. The selected 

manipulators have a large number of rotatable, spherical, or 

universal joints in non-driven joints. Neugebauer[47] describes 

the advantages and disadvantages of those joint types. It is 

determined that swivel and cardan joints have a higher 

stiffness and load capacity compared to ball joints. Therefore, 

manipulators that have spherical joints are not considered 

further. Methods determining the workspace and preliminary 

dimensions are made for the following manipulators: 3-UPU; 

3-RRR (Clavel’s Delta Robot); 3-RUU; Electrical arm 5E (in 

the paragraph 2.2.3). 

 

2.2.3 Sorting of manipulators by workspace and 

dimensions 

In the second step, the manipulators are sorted by workspace 

and dimensions. To find the workspace and overall dimensions, 

it is necessary to solve the inverse kinematics problems of the 

manipulators. Inverse kinematics is the determination of the 

joint angles of a manipulator required to position its end 

effector at a specific pose in space. After solving the inverse 

kinematic problem, the workspace (X ±300, Y ±300, Z ±250 

mm) is determined in MatLab software. Analyzing the 

workspace can help determine optimal design parameters, 

such as link lengths and joint configurations.  

Inverse kinematics problems were solved for the sorted 

manipulators. For the 3-UPU manipulator look Hamida.[88] 

Tsai[89] solved the inverse kinematics of the delta robot (3-RRR) 

by using the Denavit-Hartenberg method. Bałchanowski[64] 

formulates the inverse kinematic problem of the 3-RUU 

manipulator in his work. The electric arm 5E (hybrid 

manipulator) has the structure R(RPRR)+R(RPR). The linear 

actuators move the mechanism along the XY axes and rotate 

along the Z-axis. Since the manipulator is based on an 

articulated manipulator, its workspace is determined based on 

a two-link serial manipulator according to the method of Zar 

T., Lin P.W[90] and the rotation around the Z-axis is added 

afterward. Using the methods of the above authors, the inverse 

kinematics problems were solved and the workspaces of the 

manipulators were determined (the results are shown in 

paragraph 3.1). 

 

2.3 Geometry and mobility  

The nozzle compensation manipulator (hereinafter referred to 

as Clavel’s delta robot) consists of a moving platform 5 

connected to a fixed platform 1 by identical three kinematic 

chains А𝑖 , 𝐶𝑖 , 𝐷𝑖(𝑖 = 1,2,3) . Each chain contains rotational 

connections А𝑖, driven by drive 2 on the fixed platform 1. The 

movement is transmitted to the movable platform through 

parallelograms whose centers are points 𝐶𝑖and 𝐷𝑖 formed by 

links and hinges (Fig. 4). Such a robot has a positioning 

accuracy of about 0.1 mm.[91] 

 

2.4 Inverse kinematics 

Let's make the equations of closed leg contours 

𝑟𝐷𝑖
= 𝑟𝑂𝑃 + ℎ𝑖 , (𝑖 = 1,2,3).                        (1) 

The components of the vectors 𝑟𝐷𝑖
  through the PM leg 

parameters, using the homogeneous Denavit-Hartenberg 

transformation matrices[77] are defined as follows: 

𝑋𝐷𝑖
 =  𝑟𝑎 ⋅ 𝑐𝑜𝑠𝜃𝑖  + 𝐿2 ⋅ 𝑐𝑜𝑠𝜑1𝑖 ⋅ 𝑐𝑜𝑠𝜃𝑖  + 𝐿1 ⋅ 𝑠𝑖𝑛𝜑3𝑖

⋅ 𝑠𝑖𝑛𝜃𝑖  + 

+ 𝐿1 ⋅ 𝑐𝑜𝑠𝜑3𝑖 ⋅ 𝑐𝑜𝑠𝜃𝑖 ⋅ 𝑐𝑜𝑠(𝜑1𝑖  +  𝜑2𝑖), 
𝑌𝐷𝑖

 =  𝑟𝑎 ⋅ 𝑠𝑖𝑛𝜃𝑖  + 𝐿2 ⋅ 𝑐𝑜𝑠𝜑1𝑖 ⋅ 𝑠𝑖𝑛𝜃𝑖  − 𝐿1 ⋅ 𝑐𝑜𝑠𝜃𝑖

⋅ 𝑠𝑖𝑛𝜑3𝑖  + 
+ 𝐿1 ⋅ 𝑐𝑜𝑠𝜑3𝑖 ⋅ 𝑠𝑖𝑛𝜃𝑖 ⋅ 𝑐𝑜𝑠(𝜑1𝑖  +  𝜑2𝑖) 

𝑍𝐷𝑖
 = 𝐿2 ⋅ 𝑠𝑖𝑛𝜑1𝑖  + 𝐿1 ⋅ 𝑐𝑜𝑠𝜑3𝑖 ⋅ 𝑠𝑖𝑛(𝜑1𝑖  + 𝜑2𝑖).      (2) 
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Fig. 4 Clavel's Delta robot structure: (a) main view, (b) considering one leg separately, and (c) Clavel's Delta robot parameters. 

 

When solving the inverse kinematics problem, we set the 

position and orientation of the moving platform, and 

determine the hinge angles that determine the configuration of 

each leg 𝜑1,𝑖 , 𝜑2,𝑖 , 𝜑3,𝑖(𝑖 = 1,2,3) , for the right side of 

equations (1) 

[
 
 
 
𝑋𝐷𝑖

𝑌𝐷𝑖

𝑍𝐷𝑖

1 ]
 
 
 
= [

1 0 0 𝑋𝑃

0 1 0 𝑌𝑃

0 0 1 𝑍𝑃

0 0 0 0

] [

𝑟𝑏 ⋅ 𝑐𝑜𝑠𝜃𝑖

𝑟𝑏 ⋅ 𝑠𝑖𝑛𝜃𝑖

0
1

] , 𝑖 = 1,2,3, (3) 

where 𝜃1 = 0, 𝜃2 =
2𝜋

3
, 𝜃3 =

−2𝜋

3
.  

From equality (3) we obtain 

𝑋𝐷𝑖
= 𝑋𝑃 + 𝑟𝑏 ⋅ 𝑐𝑜𝑠𝜑𝑖 , 𝑌𝐷𝑖

= 𝑌𝑃 + 𝑟𝑏 ⋅ 𝑠𝑖𝑛𝜑𝑖 , 𝑍𝐷𝑖
= 𝑍𝑃, 𝑖 =

1,2,3.                                                                                     (4) 

From equations (2) and (4) we obtain the coordinates of the 

center of the local coordinate system 𝑂Р𝑋Р𝑌Р𝑍Р  

𝑋𝑃  = 𝑟 ⋅ 𝑐𝑜𝑠𝜃1  + 𝐿2 ⋅ 𝑐𝑜𝑠𝜑11 ⋅ 𝑐𝑜𝑠𝜃1  +  
+𝐿1 ⋅ 𝑠𝑖𝑛𝜑31 ⋅ 𝑠𝑖𝑛𝜃1  +  𝐿1 ⋅ 𝑐𝑜𝑠(𝜑11  + 𝜑21) ⋅ 𝑐𝑜𝑠𝜑31 ⋅
𝑐𝑜𝑠𝜃1,                                                                                  (5) 

𝑌𝑃  = 𝑟 ⋅ 𝑠𝑖𝑛𝜃1  + 𝐿2 ⋅ 𝑐𝑜𝑠𝜑11 ⋅ 𝑠𝑖𝑛𝜃1  − 
− 𝐿1 ⋅ 𝑐𝑜𝑠𝜃1 ⋅ 𝑠𝑖𝑛𝜑31  + 𝐿1 ⋅ 𝑐𝑜𝑠(𝜑11  + 𝜑21 ) ⋅ 𝑐𝑜𝑠𝜑31 ⋅
𝑠𝑖𝑛𝜃1,                                                                                 (6) 

𝑍𝑃  = 𝐿2 ⋅ 𝑠𝑖𝑛𝜑11  + 𝐿1 ⋅ 𝑠𝑖𝑛(𝜑11  + 𝜑21) ⋅ 𝑐𝑜𝑠𝜑31,    (7) 

where 𝑟 = 𝑟𝑎 − 𝑟𝑏.  
From the sum of squares of equations (5), (5) and (7) we obtain 

(𝑋𝑃 − 𝑋𝑖)
2 + (𝑌𝑃 − 𝑌𝑖)

2 + (𝑍𝑃 − 𝑍𝑖)
2 − 𝐿1

2 = 0,              (8) 

where 𝑥𝑖  = cos𝜃𝑖 ⋅ (r + L2 ⋅ 𝑐𝑜𝑠𝜑1𝑖), 𝑦𝑖  = sin𝜃𝑖 ⋅ (r + L2 ⋅
𝑐𝑜𝑠𝜑1𝑖), 𝑧𝑖  = L2 ⋅  𝑠𝑖𝑛𝜑1𝑖 , 𝑖 = 1,2,3. 
By opening the brackets of equation (8) we give the following 

form  

𝑙1  ⋅  cos𝜑1𝑖  + m1  ⋅  sin𝜑1𝑖  - n1=0                           (9) 

where 𝑙𝑖 = 2 ⋅ 𝑟 ⋅ 𝐿2 − 2 ⋅ 𝐿2 ⋅ 𝑋𝑃 ⋅ 𝑐𝑜𝑠𝜃𝑖 − 2 ⋅ 𝐿2 ⋅ 𝑌𝑃 ⋅
𝑠𝑖𝑛𝜃𝑖 , 𝑚𝑖 = −2 ⋅ 𝐿2 ⋅ 𝑍𝑃, 𝑛𝑖 = −(𝑟2 − 𝐿1

2 + 𝑋𝑃
2 + 𝑌𝑃

2 + 𝑍𝑃
2 −

2 ⋅ 𝑋𝑃 ⋅ 𝑟 ⋅ 𝑐𝑜𝑠𝜃𝑖 − 2 ⋅ 𝑌𝑃 ⋅ 𝑟 ⋅ 𝑠𝑖𝑛𝜃𝑖 + 𝐿2
2). 

Solved equation (9) and obtain two solutions corresponding to 

two assemblies of each leg of the PM 

𝜑1𝑖1 = 𝑎𝑐𝑜𝑠(𝑛1/𝑘1) + 𝛼1𝑎𝑛𝑑𝜑1𝑖2 = −𝑎𝑐𝑜𝑠(𝑛1/𝑘1) + 𝛼1,  
s                                                                                         (10) 

where 𝑘1 = √𝑙1
2 + 𝑚1

2, 𝛼1 = 𝑎𝑡𝑎𝑛(𝑚1/𝑙1).  
From the addition of (5) and (6) equations, previously 

multiplying (5)-equation by 𝑐𝑜𝑠𝜃𝑗 , (7)-equation 𝑠𝑖𝑛𝜃𝑗(𝑗 =

1,2,3) we get 

𝐿1 ⋅ 𝑐𝑜𝑠𝜑3𝑖 ⋅ 𝑐𝑜𝑠𝜑12𝑖 = а,     (11) 

where 𝑎 = (𝑋𝑃 − (𝑟 + 𝐿2 . 𝑐𝑜𝑠𝜃1𝑖) ⋅  𝑐𝑜𝑠𝜃1 + ( 𝑌𝑃- (𝑟 +
𝐿2 ⋅ 𝑐𝑜𝑠𝜑1𝑖) ⋅ 𝑠𝑖𝑛𝜃1) ⋅ 𝑠𝑖𝑛𝜃1, 𝜑12𝑖 = 𝜑1𝑖 + 𝜑2𝑖 . 
(7) - the equation is reduced to the following form 

 𝐿1 ⋅ 𝑐𝑜𝑠𝜑3𝑖 ⋅ 𝑠𝑖𝑛𝜑12𝑖 = 𝑏,                          (12) 

where 𝑏 = 𝑍𝑃  − 𝐿2 ⋅ 𝑠𝑖𝑛𝜑1𝑖 .  
From the (12)-equation on (11) we obtain 

𝜑2𝑗 = 𝑎𝑡𝑎𝑛(𝑏/𝑎) − 𝜑1𝑗 .                      (13) 

Adding the squares of equations (11) and (12) we get 

𝜑3𝑗 = ±𝑎𝑐𝑜𝑠√(𝑎𝑗
2 + 𝑏𝑗

2)/𝐿1
2 .               (14) 

The sign before 𝜑3𝑗 in equation (14) will change depending 

on the signs of 𝑋𝑃 and 𝑌𝑃.  

 

2.5 Direct kinematics 

To solve the direct kinematics problem of Clavel's delta robot, 

the positions of active revolute kinematic pairs 𝜑1𝑗  are 

specified and the coordinates of the center of the moving 

platform 𝑋𝑃, 𝑌𝑃, 𝑍𝑃  are determined, respectively the rotation 

angles of the passive revolute kinematic pairs 𝜑2𝑗 , 𝜑3𝑗 and the 

position of the parallel robot links are determined.   

Equations (8) are reduced to the following form 

(𝑋𝑃 − 𝑋1)
2 + (𝑌𝑃 − 𝑌1)

2 + (𝑍𝑃 − 𝑍1)
2 − 𝐿1

2 = 0

(𝑋𝑃 − 𝑋2)
2 + (𝑌𝑃 − 𝑌2)

2 + (𝑍𝑃 − 𝑍2)
2 − 𝐿1

2 = 0

(𝑋𝑃 − 𝑋3)
2 + (𝑌𝑃 − 𝑌3)

2 + (𝑍𝑃 − 𝑍3)
2 − 𝐿1

2 = 0

}.       (15) 

(a) (b) (b)
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By opening brackets from the first equation of the system (15) 

we take away the second equation and from the first equation 

we take away the third equation and we get the following two 

equations 
 𝑚11 ⋅ 𝑋𝑃 + m12 ⋅ 𝑌𝑃  + m13 - 2 ⋅ Z𝑃 ⋅ 𝑍1   + 2 ⋅ Z𝑃 ⋅ 𝑍2 = 𝑏1 
𝑚21 ⋅ 𝑋𝑃 + m22 ⋅ 𝑌𝑃 + m23 - 2 ⋅ Z𝑃 ⋅ 𝑍2  + 2 ⋅ Z𝑃 ⋅ 𝑍3 = 𝑏2

}, 

(16) 

where 𝑚11 = −2 ⋅ 𝑋1 + 2 ⋅ 𝑋2, 𝑚12 = −2 ⋅ 𝑌1 + 2 ⋅ 𝑌2, 
𝑚13 = 𝑋1

2 + 𝑌1
2 + 𝑍1

2 − 𝑋2
2 − 𝑌2

2 − 𝑍2
2,  

𝑚21 = −2 ⋅ 𝑋2 + 2 ⋅ 𝑋3, 𝑚22 = −2 ⋅ 𝑌2 + 2 ⋅ 𝑌3, 𝑚23

= 𝑋2
2 − 𝑋3

2 + 𝑌2
2 − 𝑌3

2 − 𝑌3
2 + 𝑍2

2. 
Equations (16) are written in matrix form 

𝐴 ⋅ [
𝑋𝑃

𝑌𝑃
] = 𝐵,                               (17) 

where 𝐴 = (
𝑚11 𝑚12

𝑚21 𝑚22
) , 𝐵 =

(
−𝑚13 + 2 ⋅ 𝑍𝑃 ⋅ 𝑍1 − 2 ⋅ 𝑍𝑃 ⋅ 𝑍2

−𝑚23 + 2 ⋅ 𝑍𝑃 ⋅ 𝑍2 − 2 ⋅ 𝑍𝑃 ⋅ 𝑍3
). 

From equation (16) we find 𝑋𝑃 and 𝑌𝑃 as follows 

𝑋𝑃 = (k11 ⋅ 𝑍𝑃 + k12), 𝑌𝑃 =  (t11 ⋅ 𝑍𝑃 + t12),         (18) 

From the third equation of the system (15), taking into account 

equation (18), we obtain where 𝑘11 = 2 ⋅ (−𝑚12 ⋅ 𝑍2 + 𝑚12 ⋅
𝑍3 + 𝑚22 ⋅ 𝑍1 − 𝑚22 ⋅ 𝑍2)/𝑞, 𝑘12  = (𝑚12 ⋅ 𝑚23 − 𝑚13 ⋅
𝑚22)/𝑞,  𝑡11  = 2 ⋅ (𝑚11 ⋅ 𝑍2 − 𝑚11 ⋅ 𝑍3 − 𝑚21 ⋅ 𝑍1 + 𝑚21 ⋅
𝑍2)/𝑞, 𝑡12  = (𝑚13 ⋅ 𝑚21 − 𝑚11 ⋅ 𝑚23)/𝑞,  𝑞 = 𝑚11 ⋅ 𝑚22  −
 𝑚12 ⋅ 𝑚21. 
From the third equation of the system (15), taking into account 

equation (18), we obtain 

𝑍𝑃 =
−2⋅(𝑘11⋅𝑘12−𝑘11⋅𝑥3+𝑡11⋅𝑡12−𝑡11⋅𝑦3−𝑧3)±√𝐷

2⋅(𝑘11
2 +𝑡11

2 +1)
,         (20) 

where 𝐷 = (2 ⋅ 𝑘11 ⋅ 𝑘12 − 2 ⋅ 𝑘11 ⋅ 𝑋3 + 2 ⋅ 𝑡11 ⋅ 𝑡12 − 2 ⋅
𝑡11 ⋅ 𝑌3 − 2 ⋅ 𝑍3)

2 − −4 ⋅ (𝑘11
2 + 1 + 𝑡11

2 ) ⋅ (𝑘12
2 − 2 ⋅ 𝑘12 ⋅

𝑋3 + 𝑡12
2 − 2 ⋅ 𝑡12 ⋅ 𝑦3 + 𝑋3

2 + 𝑌3
2 + 𝑍3

2 − 𝐿1
2). 

From equation (18) taking into account (19) we obtain values  

XP and YP. Thus, using the direct kinematics problem we check 

the inverse problem. 

 

2.6 Dynamic simulation  

The dynamic simulation of Clavel's delta robot is based on the 

multibody system approach. To simulate the dynamic 

behavior of the Clavel's delta robot (dynamic simulation), the 

OpenModelica program was used, which provides a 

comprehensive modeling and simulation platform for multi-

body systems (Fig. 5) (the operating principles and kinematics 

of Clavel's delta robot are described in chapter “2.3. Geometry 

and mobility"). This includes modeling the mechanical 

structure actuators, and sensors of Clavel's delta robot. This 

model takes into account the physical properties of the robot 

components such as mass, length, and moments of inertia and 

enable the movement behavior.[92] Sensors can be used to 

measure various parameters such as the position, speed, and 

acceleration of robot components. The model was constructed 

utilizing OpenModelica library joints, which account DOF. 

To do this, first, the mechanical structure of Clavel's delta 

robot is built using - Modelica.Mechanics.MultiBody (Fig. 5). 

Where is shown world reference (1), fixed platform where are 

axis1, axis2, axis3 (2), 3 similar legs structure (3) and moving 

platform (4). The world reference model (1) establishes both 

the inertial reference frame and the gravitational field, which 

is a constant requirement when employing the MultiBody 

package.[93] The fixed platform (2) and the moving platform (4) 

can have different shapes, however, dynamics is only defined 

by the inertial parameters of a single rigid body; in this case, 

fixed and moving platforms have been modeled as cylinders. 

The upper arm rotational joints are attached to the fixed 

 
Fig. 5 Clavel's delta robot structure is built in a multibody system in OpenModelica. 
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Fig. 6 3D model of the Сlavel's delta robot and structural elements masses. 

 

platform, and parallelograms are attached to the moving 

platform (3), they are located 120 degrees relative to each 

other. 

To enter the mass data of the structural elements of Clavel's 

delta robot, a 3D model of Clavel's Delta robot was modeled 

in SolidWorks (Fig. 6). The materials were selected taking into 

account the strength and weight of the material, as well as 

construction site conditions, the main of which is resistant to 

corrosion. The material of the moving platform and the fixed 

element of the passive concrete transport mechanism is plastic 

PA Type 6.  And the material of the passive concrete transport 

mechanism's pipe is steel AISI 304. The material of all other 

elements is aluminum EN AW 6060. Fig. 6 shows the weights 

of the structural elements of Clavel's delta robot. Summing up 

the masses of the nozzle, passive concrete transporting 

mechanism, and concrete (inside mechanisms) the mass for 

compensation is 46 kg. 

After that, in the Robot Parameters block (Fig. 7), the 

masses of the links and the dimensions of Clavel's delta robot 

are entered as input data. 

 
Fig. 7 Block diagrams: (a) a path planar and (b) a position-based control. 

(a) (b)
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The Delta Trajectory planning block (Fig. 7a) outlines the 

path taken by the origin of the platform reference moving 

platform. Currently, it supports linear, trapezoidal, and cubic 

trajectories, which are subject to validation. The movement of 

the end-effector is carried out with the Robot System block 

(Fig. 7b) using inverse kinematics equations to determine the 

articulation angles to calculate reference signals for the motor 

coordinate controllers. Trajectory, mass, and articulation angle 

data are used to determine the acceleration and torque required 

for each motors. 

In order to determine the maximum loaded position of 

Clavel's delta robot 6 positions of the moving platform are 

identified (Fig. 8), which three middle positions - P1, P2, P3 

and three extreme positions - P4, P5, P6. The trajectory of the 

moving platform is set with the help of the Delta Trajectory 

planning unit. The maximum speed of the platform movement 

is 0.2 m/s, acceleration 0.6 m/s² and the moving mass is 46 kg.  

 

3. Results and discussion 

3.1 The sorting results of manipulators by workspace and 

dimensions 

The workspace results for 3-UPU; 3-RRR (Clavel's delta 

robot), 3-RUU, and the 5E electric arm are summarized in 

Table 2. The needed workspace are X ± 300, Y ± 300, and Z ± 

250 × mm (X – length, Y – width, Z – height). The optimal 

lengths of the manipulator links were also determined 

following the working area. As shown in Table 2, the 3RUU 

manipulator has an upper leg size of 550 mm and a lower leg 

of 950 mm, and the 3UPU manipulator has a rod body size of 

880 mm and a rod size of 700 mm, which exceeds the overall 

dimensions of the 3-RRR (Clavel’s Delta Robot) and 

Electrical arm manipulators. 

Thus, when comparing manipulators for compensation 

nozzle, Clavel's Delta Robot (3-RRR) and the "Electric arm" 

stand out, as they are compact and have a good ratio of the 

workspace to the size of the structures, see Table 2. Clavel's 

delta robot is seen as the preferred option as it can perform 

very fast and precise movements.[94,95] Also, the parallel 

structure of the manipulator makes it possible to achieve 

sufficient rigidity of the system in all positions due to the 

closed kinematics.[96] Another reason for choosing is the 

simple design and lightweight.  

 

3.2 The inverse kinematics results  

The following constant parameters were set: 𝑟𝑎 = 182.5, 𝑟𝑏 =
105, 𝑟 = 𝑟𝑎 − 𝑟𝑏 , 𝐿1 = 740,  𝐿2 = 440, 𝜃1 = 0, 𝜃1 = 00, 𝜃2 =
1200, 𝜃3 = 2400  and also the coordinates of the moving 

platform center: 𝑋𝑃 = 300,  𝑌𝑃 = 300,  𝑍𝑃 = 250.  Fig. 9 

shows Clavel's delta robot position of the robot for specific 

numerical values. A program was made that automatically 

changes the solutions of the equations depending on the signs 

of the coordinates of the center of the mobile platform and 

determines the position. 

If the coordinates of the center of the moving platform 

𝑋𝑃 , 𝑌𝑃, 𝑍𝑃 are set, for example, 𝑋𝑃, 𝑌𝑃from -500 to +500 with 

step 50, and 𝑍𝑃 from 450 to 1100 with step 50 (Fig. 10) you 

can get the workspace of the parallel robot based on the 

inverse kinematics problem. 

Table 2. Comparison of the workspace of the manipulators for the nozzle compensation. 

Type Parallel Hybrid 

Kinematic 

structure 

3-RRR 

(Clavel’s Delta Robot) 
3RUU   3UPU   

R(RPR)+R(RPR) 

(Electrical arm)  

Dimensions 

 

 

 

 

Workspace 

 

 

 

 

Legende:  P - Prismatic Joint; R - Rotation Joint; U - Universal Joint; driven joint Blue dots - manipulator workspace; Red 

cube - necessary workspace. 

Buk
eto

v U
niv

ers
ity



Research article                                                                                                                           ES Materials & Manufacturing 

10 | ES Mater. Manuf., 2024, 24, 1127                                                                                                                                        © Engineered Science Publisher LLC 2024 

 
Fig. 8 6 position of Clavel's delta robot. 

 

 
Fig. 9 Solution of the inverse kinematics problem. 

 

As shown in Fig. 10, the defined workspace of Clavel's delta 

robot based on the inverse kinematics problem shows that it 

can provide a workspace of 𝑋𝑃 = 300,  𝑌𝑃 = 300,  𝑍𝑃 = 250. 
 

3.3 The direct kinematics results  

We set the following constant parameters 𝑟𝑎 = 182.5, 𝑟𝑏 =
105, 𝑟 = 𝑟𝑎 − 𝑟𝑏 , 𝐿1 = 740,  𝐿2 = 440, 𝜃1 = 0, 𝜃1 = 00, 𝜃2 =
1200, 𝜃3 = 2400 . The rotation angles of active kinematic 

pairs are set from the values obtained by the inverse 

kinematics problem 𝜑11 = 0.2398,𝜑12 = 0.5620,𝜑13 =
1.1922. The obtained coordinates of the centers of the moving 

platform of the parallel manipulator coincide with the values 

of the inverse kinematics problem. 

 

3.4 The dynamic simulation results 

This paragraph shows the results of dynamic simulations to 

determine the maximum load state for Clavel's Delta Robot 

motors. As shown in Fig. 8 paragraph 2.6, 6 moving platform 

positions are defined to determine the maximum load position 

of Clavel's Delta Robot. The results of the dynamic 

simulations show that the maximum motor torque is at 

position P5. Figs. 11-12 shows the results of dynamic 

simulation at position P5. 

 
Fig. 10 Workspace according to the inverse problem of 

kinematics. 

 

In the work of Nadia Cretescu and the authors, a delta robot 

with spherical joints was studied, where the gap is 0.1 mm, 

which significantly affects the acceleration of the critical 

positions and the acceleration changes were 3 times greater 

than in other positions.[97] In our case, the design features of 

Clavel's delta robot having rotational connections eliminate 

the acceleration jump at the critical point (Fig. 11). Fig. 11 

shows graphs of changes in generalized coordinates (in 

degrees), angular velocities (in radians per second), and 

angular accelerations (in radians per square second), and Fig. 

12 also shows the values of generalized forces (moments, in  
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Fig. 11 Velocity and acceleration are angles of rotation of the motor flanges. 

 

newton’s per meter) which are determined when moving from 

position P1 to position P5 (Fig. 8) along the shortest distance. 

The results of dynamic analysis using the OpenModelica 

software were verified in the case of equilibrium. As it is 

known, the partial derivative of the total potential energy of 

the entire system equals the generalized force, i.e., the 

torque 𝜏𝑖 =
𝜕𝑃

𝜕𝜃𝑖
(𝑖 = 1, 2, 3) . Using forward and inverse 

kinematics, the total potential energy 𝑃(𝜃𝑖)  of the parallel 

robot was determined, as well as the torques 𝜏𝑖 acting on the 

motors at equilibrium. The results obtained from 

OpenModelica software and the analytical method coincide. 

After determining the maximum loaded position (position 

5) of Clavel's delta robot, we find the geometric parameters of 

the legs using cross-section methods. Further, after 

determining the geometric parameters of the links, the 

parameters of Clavel's delta robot links in the 3D model are 

changed and a new value of the mass of the links is obtained. 

With these values, the calculation is repeated 2 times to get a 

reliable result. Velocity and acceleration are angles of rotation 

of the motor flanges in position P5 are not critical (Fig. 11). 

Based on the results of the dynamic simulation for position P5, 

the maximum torque in the motor was determined to be 150 

Nm (Fig. 12). 

 
Fig. 12 Torque in the motor flanges. 
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4. Conclusion 

In conclusion, this research paper presents a comprehensive 

process for selecting a suitable compensating manipulator to 

improve the positioning accuracy of a printhead mounted on a 

truck-mounted concrete pump. The operating parameters of 

the compensating manipulator for compensating the 

deflections of the truck-mounted concrete pump boom are 

determined, and a literature review is conducted to determine 

the most suitable manipulator considering DOF, leg design, 

and workspace. To determine the workspace and dimensions 

of 3UPU, 3RUU, Clavel's delta robot, and Electrical Arm 

manipulators, inverse kinematics problems were solved and 

the manipulator's workspace and dimensions were determined 

using MatLab software. Clavel's delta robot was selected 

based on the requirements and kinematic analysis of various 

manipulators. The forward and inverse kinematics problems 

were solved and dynamic simulations were carried out in 

OpenModelica software to understand and predict the 

behavior of Clavel's delta robot. The results show that Clavel's 

delta robot is suitable for use as a manipulator compensating 

deviations of the printhead installed on the truck-mounted 

concrete pump from a given trajectory. 

The results of the study are a logical continuation of the 

previous works, where the problem of adapting the truck-

mounted concrete pump[34,35] to 3D printing of concrete was 

solved, but in these works the problem of accuracy of 

positioning of the printhead was not solved. This scientific 

work, solving the problem of positioning accuracy of the 

printhead installed on a truck-mounted concrete pump, is the 

next step in introducing 3D concrete printing for construction 

at the lowest cost. If we take into account the fact that a 3D 

printing mixture of concrete with large gravels (16 mm) has 

already been developed, which in composition and mechanical 

characteristics is as close as possible to traditional concrete,[98] 

and this composition can also be produced and transported by 

existing construction equipment without changing 

construction technology. Then, by solving the problem of 

accurate positioning of the printhead installed on a truck-

mounted concrete pump, the barrier that hinders the 

introduction of 3D concrete printing to the construction 

industry is removed. 

A continuation of this work will be the production of a 

prototype of Clavel's delta robot and installation of it on a 

truck-mounted concrete pump for testing in real large-scale 

construction, where it will be possible to prove the viability of 

the concepts in practice. 
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