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Abstract 

 

The rapid development of sensor systems and the fall in the price of computing power in the near future will allow the 

creating adaptive robotic systems that can completely replace humans in operations that require high concentration, 

experience, and professionalism. The article presents the structure and software of a robotic system for in situ 3D bi-

oprinting. The calculation of the material supply during bioprinting as a function of the linear velocity of the nozzle of 

the end effector is carried out. As well as its calculation depending on the surface area. This allows you to select the 

components of the developed robotic system. The development of an end effector for in situ 3D bioprinting is presented 

and the interaction of its components with each other is described. To ensure reliable operation of the system technical 

solutions are also demonstrated. An in vitro experiment was conducted on bioprinting cartilage tissue on a phantom of 

human femoral spongy tissue. 
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1. Introduction 

 

Today robotics is increasingly contributing to the development of many medical and biological disciplines[1]. Ro-

bots allow you to perform operations with speed and accuracy far exceeding the capabilities of humans [2]. Active re-

search is underway to quantify these benefits [3],[4]. Methods are also being actively developed to further increase the 

accuracy of robots [5],[6]. We are working on creating user-friendly and intuitive interfaces for interaction between 

surgeons and robots [7]. One of the disciplines where robotics is actively implemented is bioprinting [8]. 

3D-bioprinting is a technology for layer-by-layer production of three-dimensional models on the cell surface, pro-

vided that the function and viability of cells are preserved. At the same time, bioprinting is always characterized by 

several important stages: creating a digital model of an organ or tissue, printing it in some way, and growing cells in an 

incubator [9],[10],[11]. Usually, after these stages, the organ is transplanted into the patient's body. When the material is 

applied directly to the patient's body to create or restore an organ, this is called in situ[8], or in vivo[12] bioprinting. 

Active research has been conducted in this direction for several decades [13]. One of the advantages of this approach 

over "classic" 3D bioprinting is that the patient's organ itself is an incubator for growing cells[14], and there is no need 

to perform a printed organ transplant operation. "Classic" 3D bioprinting refers to the printing of a structure from living W
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cells using inkjet printing or in vitro lithography, followed by maturation in an incubator for some time and further 

transplantation to the patient. 

Currently, in situ bioprinting is primarily used for the healing of organs and tissues such as cartilage, skin, and 

bones[15]. This is due to the relative ease of implementation. One of the important scientific problems in this field on 

the part of robotics is the choice of the method of applying the material to the body. There are several ways to solve it. 

For example, manual semi-automatic tools are used[16], or robotic systems[17],[18],[19]. In this work, the goal was to 

develop a robotic system that will allow bioprinting on the patient's body. 

 

2. The description of the developed robotic medical system structure for hydrogel bioprinting in situ 

 

 When using robots for bioprinting in the structure of such systems, it is common that the end effector is a hydrogel 

extrusion tool. In this case, various methods of extrusion are used: using pneumatics or using an electric motor. Our 

system used an electric motor for hydrogel extrusion, as it is more convenient to use and does not require a compressor 

that takes up space. In bioprinting, the robot's movements and the volume of the material being squeezed out must be 

consistent. For this purpose, the following structure was identified and software was developed. The structure is shown 

in figure 1. 

 

 
 

Fig. 1. The structure of the robotic medical system for hydrogel bioprinting in situ 

This structure contains the following main components:  robot, end effector, and control computer. The end effector 

performs the extrusion of the hydrogel, as well as maintains the desired temperature. The robot moves the end effector 

along a predetermined path. The control computer connects all components of the system to each other and it is also the 

interface between the operator and the system. 

 

 

3. Selection of the main components of the designed system 

 

The developing robotic medical system is designed to print material on uneven surfaces. At the same time, printing 

should be carried out quickly enough, since neutralized collagen will be used for printing, which cannot be stored for a 

long time. The print material defines some restrictions on the system being developed.For example, you can't print at a 

very high speed(more than 200 mm/s) because the material will change its behavior at this speed. Printing is supposed 

to be carried out by a mesh in the form of a circle. An approximate view of the mesh is shown in figure 2 a. When plan-

ning experiments on bioprinting, it is most preferable to set the following parameters. The lattice diameter 𝑑 mm. It is 

important that the edges of the circle may be curved. Mesh parameters: step  – 𝑠 mm, line thickness – 𝑏 mm, number of 

layers – 𝑛, layer height – ℎ microns.  
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Fig. 2. Schematic representation of the path generation for the mesh, 

a – the shape of the mesh, b – the process of applying the material 

 

Print parameters are calculated as follows. First, the linear velocity of the nozzle of the robot's end-effector 𝑣, which 

is necessary for such an operation, is determined. It can be found using the following formula: 

𝑣 =
𝐿

𝑡
; 

where L is the path length. 

The figure shows that the path length can be found as follows: 

𝐿 =  (
𝑑

ℎ
+ 1) ∗ 𝑑 ∗ 𝑛; 

where d is the length of the shape side, h is the print step, and n is the number of layers. 

From this formula, it follows that for ≫ ℎ , the first term of the expression will be much larger than the second. The 

area of the shape is equal to: 

𝑆 = 𝑑2. 
It follows that the path length at 𝑑 ≫ ℎ is directly proportional to the print surface area. This rule is valid if the areas 

of the layers are the same. 

Thus, for a circular defect, the trajectory length will be equal to: 

𝐿 =  
𝜋

4
(

𝑑

ℎ
+ 1) ∗ 𝑑 ∗ 𝑛; 

where 
𝜋

4
 is the ratio of square and circle areas. 

Thus, the robot's speed range was obtained from these ratios: 𝑣 = 5 … 60 𝑚𝑚/𝑠𝑒𝑐. 

When designing this system, it is assumed that the robot fully covers the required range of the required speed range, 

and also has a control system that can be connected directly to the PC. For such requirements, it is advisable to choose 

the KUKA KR iiwa 14 R820 as the robot. 

To be able to fully programmatically control the process of applying the material, we choose a dispenser with a rod 

that moves using of a screw transmission. At the same time, the maximum speed of the rod was first estimated. This 

speed is expressed from the following condition: 

𝑉ш ∗ 𝑆ш = 𝑉с ∗ 𝑆с; 
where 𝑉ш, 𝑆ш are the linear velocity and cross-sectional area of the syringe piston, respectively, and 𝑉с, 𝑆с are the lin-

ear velocity and cross-sectional area of the nozzle, respectively. The parameters of the material application process are 

shown in figure 2 b. A 9 mm diameter syringe was used. Thus, the cross-sectional area of the material flow squeezed 

out of the nozzle is calculated as follows: 

𝑆с = ℎс ∗ 𝑤с; 
where ℎс is the layer height and 𝑤с is the line thickness. Then the speed of the rod is found from the following ex-

pression: 

𝑉ш = 0,05 … 1 мм/с;  
Most of the existing dispensers satisfy us in terms of linear velocity. The Fishman SDAV was chosen because this 

dispenser combines the precision of material extrusion and ease of operation. 
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The developed robotic medical system for bioprinting includes a collaborative robot KUKA BR iiva 14 R820, a 

printing device, and a control computer. The main components of the printer are Fishman nozzle, cooling system, and 

control unit. A detailed description of the cooling system of the robot's end effector-a medical system for bioprinting is 

shown in figure 3. 

 

 
 

Fig. 3. The design of the cooling system 

The cooling system consists of a metal part (2), an external housing (5), a Peltier module (1), a radiator (3), and a 

cooler (4). When the Peltier module is turned on, the metal part cools and the radiator heats up. For better heat ex-

change, the metal part and radiator are made of aluminum. Thus, the metal part cools the syringe, and the radiator gives 

off heat to the external environment. A fan is installed to speed up the heat output. 

The nozzle consists of a stepper motor, a rod, and a special attachment for the syringe piston. When voltage is ap-

plied to the motor windings, the piston moves, and if the syringe is filled without air voids, the material will either be 

squeezed out or raised into the syringe, respectively. 

 

4. The description of bioprinting software 

 

The printer controller operates according to the following algorithm. The program is in an infinite loop and is wait-

ing for a message from the control computer, which contains information about how fast and how many steps the nozzle 

piston should move, and whether the cooling system should be turned on now or not. 

In turn, the robot controller first sends the coordinates of the points that characterize the wound surface. Then an ar-

ray of trajectory data is received from the control computer, which also includes information about the volume of the 

extruded material. The trajectory is a set of short lines. Then the program waits for the operator's permission to start 

printing. If the resolution is obtained, the robot starts moving along each line with a minimum smoothing radius, while 

maintaining a constant linear speed. This ensures that the material is applied evenly. At the same time, to ensure non-

stop operation, commands are executed on the robot in asynchronous mode, that is, the internal robot controller respon-

sible for interpolating the robot's movements is several commands ahead of the upper-level robot controller. 

To synchronize the robot's movements and the extruded material from the nozzle, the following algorithm is used. 

During the execution of the trajectory, the robot sends a command to build the next line only after it passes the line 

point of the 2 commands back. To do this, the robot checks its current coordinate and compares it with the coordinate of 

the end of the current line. 

The program on the control computer is a graphical interface with the ability to start and stop the bioprinting pro-

cess. It also provides the ability to manually control the printer. 

First, a trajectory for the plane is generated using SprutCam. In this way, we set the main printing parameters: the 

thickness of the filament, the printing speed, and the filling method. The bioprinting algorithm is as follows. When the 

user clicks the print start command, the program sends a message to the robot controller about the start of printing, and 

the robot controller sends back the points that characterize the print surface. The program decrypts the file with the 
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trajectory and saves it as an array, while all lines are divided into short lines with a length of 1 mm. Then, according to 

the loaded points, the trajectory is cut along the border. Then the surface equations are calculated from the points, and 

the trajectory is projected onto the resulting surface. This results in an array of lines that are already passed to the robot 

controller. After that, the program starts working as a link between the robot controller and the printer controller. The 

program sends messages about the delivery of material from the robot controller to the printer controller. 

 

5. In vitro experiment 

 

For the in vitro experiment, the previously described system was used, the appearance of which is shown in figure 4. 

 

 
 

Fig.4. The experimental setup of a robotic medical system for 3D hydrogel bioprinting in situ 

 

An in vitro experiment was conducted to confirm the functionality of the developed system. To do this, a phantom 

of the spongy tissue of the human femur was made and a defect was made on it (figure 5). FlexFoam-iT 17 was chosen 

as the material for the sponge fabric phantom. Printing was carried out at a speed of 20 mm / s, a defect diameter of 15 

m, a lattice pitch of 1.5 mm, a filament thickness of 800 microns, and a layer height of 400 microns. 
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Fig. 5. The result of bioprinting on the femoral phantom 

 

The figure shows that the hydrogel completely filled the defect model with sufficient accuracy. The experiment con-

firmed the efficiency of the developed system. The next stage will be testing on laboratory animals. 

 

6. Conclusion 

 

As a result of this work, the main components of the robotic medical system were selected. They were determined 

based on the required printing parameters, as well as a calculation based on the expected operating mode of the system. 

Based on this component base, the design of the end effector was developed as the main component of this system. As a 

result, the scheme of work of the medical system was built and based on it, the software was created that allows you to 

flexibly manage the created system. 

One of the main problems was the coordinated operation of all electronic components of the system. For this pur-

pose, software was developed for each electronic component of the system. The solution was a system that allows you 

to print on curved surfaces of the structure in the form of a circular grid. 

In the future, it is planned to improve the hardware and develop an algorithm that allows you to automatically calcu-

late the robot's trajectory for more complex surfaces. 
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