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Abstract: Problem. Increasing the productivity of additive manufacturing (Binder Jetting technology) is limited 

by the low speed of powder layer deposition while maintaining high geometric accuracy of the products. Traditional 

systems often lead to defects such as shear deformations, formation of local voids, and interlayer delamination. Aim. 

To develop and study a mathematical model of a mechatronic system for powder layer formation that allows impro v-

ing the productivity and quality of 3D printing. Methods. A comparative analysis of deposition systems (blade, ro-

tating roller, and the proposed mechatronic module) was carried out using analytical modeling and computer simul a-

tion in Altair EDEM 2023 and MatLab Simulink software. Results. The developed mathematical models describe the 

dynamics of granular material flows and the dependencies of powder flow rate on the motion parameters of the act u-

ating elements. It was established that the proposed mechatronic system allows achieving a deposition speed 

of 2800 mm/s with a shear value of 1.98 mm. This is 14 times faster than when using a rectangular blade (200 mm/s, 

shear 5 mm) and 3.3 times faster than when using a rotating roller (850 mm/s, shear 2.4 mm), while maintaining 

Class 7 dimensional accuracy according to GOST 26645-85. Conclusions. The resulting mathematical models of 

granular material flow dynamics can form the basis for the physics of powder layer formation and research in 

the field of improving the quality of printed products. 
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INTRODUCTION 

Additive manufacturing technologies enable the layer-

by-layer creation of complex products that are impractical 

or impossible to produce using traditional methods. Layer 

formation is a fundamental aspect of additive manufactur-

ing affecting the quality of printed products [1]. Despite 

the widespread use of 3D printing, current industrial 

standards face a productivity limitation. Attempts to in-

tensify the process (to increase speed) lead to a sharp 

increase in the probability of defects, including shear 

deformations of the layer, leading to changes in the shape 

and dimensions of the final part (Fig. 1 a); formation of 

local voids, which lead to depressions (Fig. 1 b); and inter-

layer delamination of the part (Fig. 1 c). 

Currently, the most commonly used devices for ap-

plying and leveling the powder layer are a blade-type 

design and a rotating roller [2]. Roller application mech-

anisms are used when working with fine or highly cohe-

sive powders to achieve desired technological character-

istics and/or component properties [3; 4]. A blade-type 

squeegee has a simpler design and can be used for 

spreading powders with high flowability that do not re-

quire large forces to overcome interparticle cohesion [5]. 

These systems are most often studied at deposition 

speeds of 10–600 mm/s [6–8]. As the deposition speed 

increases, the likelihood of layer defects increases. 

To improve the quality of spreading, powder material 

dosers, such as sector, electrostatic, vibration, roller, and 

others, are installed in front of the scraper. However, all 

types of dosers have their own disadvantages: pulsations 

in powder dosing, difficulty in adjusting the dosing rate, 

etc. These disadvantages increase the likelihood of print-

ing defects that can lead to rejection of the final part. 

Issues related to the description of the behaviour of 

real mixtures as rheological models have been addressed 

in [9], which investigates the rheological characteristics 

of mixtures for creating sand-clay molds; in [10], 

the rheological properties of construction mixtures are 

evaluated; in [11], the properties of molding and core 

mixtures are described; and in [12], the features of plas-

tic deformation of powder materials, which are particu-

larly important for powder metallurgy, are considered. 

However, these models do not take into account the spe-

cific features of high-speed powder layer deposition in 

additive manufacturing, where spreading speed and ma-

terial flow rate are critical. 
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Fig. 1. Types of defects during product printing:  

a – shear deformations of the layer;b – formation of local voids; c – interlayer delaminations 

Рис. 1. Виды брака при печати изделия:  

a – сдвиговые деформации слоя; b – образование локальных пустот; c – межслойные деламинации 

 

 

 

The scientific gap lies in the absence of comprehensive 

mathematical models linking dynamic parameters (speed, 

flow rate) with the rheological behaviour of the powder for 

high-speed systems. Existing dosers (vibration, electro-

static) partially solve the material feed problem but do 

not provide complete control over layer stability  

at speeds exceeding 300 mm/s. 

The aim of this study is to develop and study a mathe-

matical model of a mechatronic system for powder layer 

formation that allows improving the productivity and quali-

ty of 3D printing. 

 

METHODS 

Design of the mechatronic system for layer deposition  

The authors have developed a mechatronic system for 

powder layer formation (Fig. 2), which separately forms  

the powder layer and then places it onto the previous fin-

ished layer. This minimises the influence of the applied 

powder on the finished layer. 

In this system, the roller simultaneously acts as a doser 

and a leveling device. When passing through the gap δ,  

the powder material is formed into a layer of a certain thick-

ness (usually 0.1–1 mm). As it moves along the working area, 

the formed layer is placed onto the build surface, smoothed, 

and compacted by the roller. Thus, a new powder layer is 

formed with minimal impact on the previous powder layer. 

Feedback in the system is realised using a video camera in-

stalled above the build area. Using special algorithms, it pro-

cesses the captured image. As a result, various defects 

can be recognised: shear deformations of the layer, for-

mation of local voids, as well as resin application defects 

due to clogging of the print heads. Based on the obtained 

data, the deposition parameters for the next layer are calcu-

lated, such as deposition speed, gap size δ, etc. 

Parameters and assumptions of mathematical modeling 

The study was conducted for three types of deposition 

systems: a squeegee, a rotating roller, and the mechatronic 

system developed by the authors. The analytical method 

using computer simulation was chosen as the method for 

constructing the mathematical model. For the mathematical 

model, the conditions of constant deposition speed and con-

stant volume of applied powder material were set. Comput-

er simulation of deposition was performed using the Altair 

EDEM 2023 software package. This software is designed 

for simulating bulk and granular materials. The MatLab 

Simulink software package was used to find the coefficients 

of the mathematical model. 

The main factor influencing the quality of the final part 

is the speed of powder layer deposition, and the criterion 

for deposition quality is the magnitude of shear of the pre-

vious layer [13]. The speed of powder material deposition 

was chosen as the input parameter in the mathematical 

model. The physical and mechanical properties of the pow-

der (fraction diameter, adhesion) are taken as constants in 

the model and are accounted for through viscosity and con-

sistency coefficients. This assumption allows evaluating  

the influence of the dynamic operating conditions of  

the equipment on layer stability when using a homogeneous 

material. To increase the productivity of printing of parts, 
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Fig. 2. Schematic diagram of the deposition system 

Рис. 2. Принципиальная схема системы нанесения 

 

 

 

it is necessary to maintain the maximum possible layer 

deposition speed υdep. However, increasing the speed will 

degrade the quality of the deposited layer. The quality indi-

cators are the shear of the previous layer Lshear and the actu-

al powder flow rate Qactual. 

 

RESULTS 

Mathematical model of a squeegee 

The calculation scheme (Fig. 3) describes the case of  

a squeegee moving along the build platform. The squeegee 

moves at a constant speed with a constant volume of  

applied powder material. 

In this model, the squeegee moves at a speed υdep.  

The function of the powder flow rate through the gap be-

tween the blade and the previous layer is approximated  

by a power function: 

 

b
depflow a

1

υυ 
, 

 

where υflow and υdep are the flow and deposition speeds,  

a, b are empirical coefficients. 

Using computer simulation of powder layer deposition 

in the EDEM environment, the powder material flow rates 

at the corresponding deposition speeds were obtained and 

approximated (Fig. 4). 

The coefficients of the approximating curve were calcu-

lated: a=6.878, b=1.765. Typically, the mass flow rate Q  

of the powder material is calculated using the simplified 

formula: 

 

ρυ  SQ depsimp , 

 

where S is the flow hole area,  

ρ is the bulk density of the powder. 

However, in a real system, the mass flow rate of  

the powder material will be calculated using the modi-

fied formula: 

 

ρυ  SQ floweeтod.squeeg . 

 

As the deposition speed increases, the difference  

between Qsimp and Qmod.squeegee also increases, as does  

the probability of under-dosing and, consequently, defects. 

The applied volume of new powder material affects  

the finished layer through the friction force Ffr. The fric-

tion between the applied powder material and the fin-

ished layer can be described according to Newton’s law 

of viscous friction: 

 

h

A
F

dep
fr



υ

η , 

 

where A is the contact area of the applied powder volume,  

h is the layer height, 

η is the dynamic viscosity coefficient. 

Based on Newton’s law of viscous friction, the shear 

stress τ is described as: 

 

h

depυ
ητ  . 

 

The behaviour of the powder material can be de-

scribed as a viscoplastic body, the rheological model of 

which is the Herschel-Bulkley body (modified power 

law). This model describes the behaviour of a body that 

has an initial yield stress τy below which it does not flow 

and behaves like a solid: 

 
n

y K γττ  , 
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Fig. 3. Calculation scheme of the rectangular blade: 

υdep – deposition speed; Fg – gravitational force of the powder roll; Ffr – friction force; φ – angle of internal friction;  

Qsqueegee – mass flow rate of powder by the blade; h – layer height; l – length of the powder roll  

Рис. 3. Расчётная схема прямоугольного ракеля: 

υdep – скорость нанесения; Fg – сила тяжести порошкового вала; Ffr – сила трения; φ – угол внутреннего трения;  

Qsqueegee – массовый расход порошка ракелем; h – высота слоя; l – длина порошкового вала  

 

 

 

  
 

Fig. 4. Dependence of the powder material flow rate on the deposition speed 

Рис. 4. Зависимость скорости истечения порошкового материала от скорости нанесения 

 

 

 

where τ is the dynamic shear stress arising from the action 

of the powder material roll,  

τy is the initial yield stress, 

K is the consistency coefficient, 

t

L hearsγ 
 is the shear rate, which characterises the defor-

mation rate of the body (Lshear is the magnitude of shear of 

the previous layer, t is time),  

n is the power-law exponent (nonlinearity index). 

The modified power law is a more complex model than 

the Bingham model or the Ostwald-de Waele power law. 

However, it more accurately reflects the true rheological 

properties of most viscoplastic bodies. 

The granular material fails under shear due to the ac-

tion of a compressive force from the vertical load and  

a shear force from the tangential (horizontal) load.  

The more intense the compression, the more force is re-

quired to shear or displace the material. The ultimate 

shear resistance of granular materials obeys Coulomb’s 

law for granular soils: 

    tgtgστ
A

Fg
y , 

 

where σ is the normal stress,  

φ is the angle of internal friction,  

Fg is the gravitational force of the powder roll. 

Thus, the shear of particles in the finished layer caused 

by the movement of particles of the applied powder materi-

al can be determined by the following expression: 

 

 
n

gdep

dep

shear
K

A

F

hl
L





tg
υ

η

υ
. 

 

To determine the coefficients K, η, and n, a computer 

model was created in MatLab Simulink (Fig. 5). 

Using the Parameter Estimation software module and 

data obtained from modeling the powder layer deposition, 

the coefficient values can be determined. 
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Fig. 5. Computer model in MatLab Simulink 

Рис. 5. Компьютерная модель в MatLab Simulink 

Using the Parameter Estimation software module, 

the following coefficients were calculated: K=281.58, 

η=48.96, n=0.75. The value n<1 indicates that the sub-

stance has pseudoplastic properties, i.e., it “thins” un-

der shear. 

Mathematical model of a rotating roller 

The calculation scheme (Fig. 6) describes the case of 

a rotating roller moving along the build platform. The roller 

moves at constant linear and angular speeds with a constant 

volume of applied powder material. 

In this model, the roller moves at a speed υdep while 

simultaneously rotating against the motion direction at 

a speed ω. The mass flow rate Q of the powder material is 

also calculated using the formula: 

ρυ

1

.  SaQ b
deprollerтоd

Using computer simulation, the coefficients a=3.729 

and b=1.347 were calculated. Since the only difference be-

tween this deposition model and the previous one is 

the replacement of the squeegee with a rotating roller, we 

introduce a coefficient X, the value of which will indicate 

the scraper geometry. The values of the K, η, and n coeffi-

cients remain the same, since the same powder material is 

being modeled. The formula for the shear of particles in 

the powder layer then takes the form: 

 
n

gdep

dep

shear
K

A

F

hl
XL





tg
υ

η

υ
. 

Using the Parameter Estimation software module, 

the coefficient X=0.249 was also calculated. 

Mathematical model of the mechatronic system 

The calculation scheme (Fig. 7) describes the deposition 

of the powder layer by the original mechatronic module 

developed by the authors. The roller moves at a constant 

linear speed. The rotation speed and the gap size Δ depend 

on the deposition speed. 

In this model, the roller moves at a speed υdep while 

simultaneously rotating at a speed ω=60υdep/2πR in the di-

rection of motion, i.e., the roller “rolls” over the surface. 

This model differs from the previous ones by the presence 

of a doser. For the system to operate correctly, the doser 

flow rate must equal the flow rate of powder material, i.e., 

the condition Q1=Q2 must be satisfied. 

The mass flow rate of the powder material Q is also cal-

culated using the formula: 

ρυ 2

1

2.  SaQ
b
deprollerтоd . 

The mass flow rate of the powder material from the 

doser Q is calculated using the formula: 

ρυ 1

1

1.  zaQ
b
depdoserтоd , 

where z is the width of the deposition zone. 

Using computer simulation, the coefficients a1=0.712, 

b1=0.969, a2=4.287, and b2=1.517 were calculated. 

The final formula for determining the shear of powder layer 

particles takes the form: 

 
n

gflowdep

dep
hear

K

R

F

h

R
XL
















tg
42

υυ
η

υ

2

2

2

s

.
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Fig. 6. Calculation scheme of the rotating roller: 

υdep – deposition speed; ω – roller rotation speed; Fg – gravitational force of the powder roll;  

Ffr – friction force; φ – angle of internal friction; Qroller – mass flow rate of powder by the roller;  

h – layer height; l – length of the powder roll 

Рис. 6. Расчётная схема вращающегося ролика:  

υdep – скорость нанесения; ω – скорость вращения ролика; Fg – сила тяжести порошкового вала; 

Ffr – сила трения; φ – угол внутреннего трения; Qroller – массовый расход порошка роликом;  

h – высота слоя; l – длина порошкового вала  

Fig. 7. Calculation scheme of the rotating roller with a doser:  

υdep – deposition speed; ω – roller rotation speed; Fg – gravitational force of the powder;  

Ffr – friction force; Qroller, Qdoser – mass flow rate of powder by the roller and the doser;  

h – layer height; l – length of the powder roll; Δ – gap size 

Рис. 7. Расчётная схема вращающегося ролика с дозатором:  

υdep – скорость нанесения; ω – скорость вращения ролика; Fg – сила тяжести порошка; 

Ffr – сила трения; Qroller, Qdoser – массовый расход порошка катком и дозатором;  

h – высота слоя; l – длина зоны нанесения; Δ – величина зазора 

Using the Parameter Estimation software module, 

the coefficients X=29.83, n=21.7 were calculated. 

Comparative analysis of deposition systems 

From the graphs (Fig. 8), it can be seen that with in-

creasing deposition speed, the difference between the pow-

der material flow rates gradually increases. The squeegee 

shows the worst flow rate performance. Based on the re-

sults from a real installation, it was found that the maxi-

mum deposition speed for the squeegee is 200 mm/s. This 

corresponds to a relative error of 35 %. Based on this, it can 

be assumed that the maximum deposition speed for the ro-

tating roller is 850 mm/s. However, for the mechatronic 

system, even at a deposition speed of 10,000 mm/s, 

the relative flow rate error reaches only 20.4 %, which is 

more than sufficient for high-quality, high-speed deposition. 

A comparison was also made of the shear deformations 

of the previous layer, which cause product inaccuracy, dur-

ing deposition with a squeegee, a rotating roller, and 

the mechatronic system developed by the authors (Fig. 9). 

Analysis of the graph showed that at maximum deposition 

speeds, the inaccuracy values would be the following: for 

the squeegee – 5 mm, for the rotating roller – 2.4 mm. 

For the rotating roller with a doser, the inaccuracy is 
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a 

b 

Fig. 8. Comparative analysis of the calculated powder material flow rate: 

а – comparison of results obtained using the simplified and modified formulas;  

b – relative error between the obtained values 

Рис. 8. Сравнительный анализ расчетного расхода порошкового материала: 

а – сопоставление результатов по упрощенной и модифицированным формулам; 

b – относительная ошибка между полученными значениями 

Fig. 9. Comparison of printing inaccuracy 

Рис. 9. Сравнение погрешности печати 
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1.98 mm at a speed of 2800 mm/s. According to GOST 26645-

85, this corresponds to Class 7 dimensional accuracy for cast 

molds with nominal dimensions of 630–1000 mm. To reduce 

the inaccuracy of traditional deposition devices to 2 mm,  

the deposition speed must be reduced: for the squeegee 

to 70 mm/s, and for the rotating roller to 170 mm/s. 

DISCUSSION 

The obtained data demonstrate a direct relationship be-

tween the design of the deposition device and the process 

speed limit. The speed limitation of deposition devices to 

200 mm/s is due to the absence of active dosing: as speed 

increases, uncontrolled accumulation of powder occurs in 

front of the blade. This, according to Newton’s law of vis-

cous friction, leads to an increase in shear stresses and dis-

placement of the previous layer. The conclusions regarding 

the influence of deposition speed are consistent with studies 

[14; 15]. The critical speed results for the squeegee are also 

confirmed by the findings of [20], in which successful 

printing was achieved only after reducing the blade speed 

from 83 mm/s to 33 mm/s. 

The rotating roller partially solves the problem by redis-

tributing forces in the applied powder due to the complex 

particle motion, which is confirmed by studies [16; 17]. 

However, at speeds exceeding 170 mm/s, which is 2.4 times 

higher than that of the squeegee, the printing accuracy be-

gins to exceed the specified limits. 

The use of the developed mechatronic system allows 

maintaining the powder flow rate within the required 

limits by adjusting the gap δ. However, at ultra-high 

speeds, to ensure high-quality regulation, feedback is 

required, which will adjust the deposition parameters 

online. In contrast to studies [14–17], which investigate 

only classical deposition systems, the proposed model 

demonstrates the possibility of operating in a speed 

range exceeding standard values by 3–5 times. 

A limitation of the study is the assumption of constant 

physical and mechanical properties of the powder. In real 

conditions, variability in moisture content, density, and par-

ticle size distribution of the powder can influence its 

flowability and effective viscosity, which may lead to de-

fects in the deposited layer. 

In future research, it is planned to address the imple-

mentation of adaptive control algorithms for the mechatron-

ic system to optimise the deposition process under various 

disturbances arising from variability in powder properties, 

system operation errors, and other factors. Promising direc-

tions include optimisation of the geometric parameters of 

the mechatronic module (roller radius, doser adjustment 

range) for various types of granular materials (including 

metallic, ceramic powders, and sand), detailed analysis of 

the influence of powder rheological property instability 

on layer uniformity, as well as experimental verification of 

the developed differential models on a physical prototype 

of the mechatronic installation. The developed mathemati-

cal models of the dynamics of granular material flow can 

form the basis for the physics of powder layer formation 

and for research in the field of improving the quality of 

printed products. 

CONCLUSIONS 

1. Mathematical models for powder layer deposition us-

ing a squeegee and a rotating roller have been developed, 

describing the dependencies of powder material flow rate 

and the magnitude of shear of the previous layer on deposi-

tion speed. 

2. A dynamic model of the mechatronic system has been

developed, enabling the analysis of the behaviour of 

viscoplastic granular material flows in complex geometry 

assemblies, taking into account boundary and body forces 

applied to the granular medium. 

3. When comparing the deposition systems, it was found

that the maximum deposition speeds with corresponding 

shear of the previous layer are the following: for the squee-

gee – 200 mm/s with a shear of 5 mm; for the rotating roller – 

850 mm/s with a shear of 2.4 mm; for the rotating roller 

with a doser – 2800 mm/s with a shear of 1.98 mm. Thus, 

the proposed mechatronic system provides a deposition 

speed 14 times higher than the squeegee and 3.3 times 

higher than the roller, with less shear. 
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Аннотация: Проблема. Повышение производительности аддитивного производства (технология Binder Jetting) ог-

раничено низкой скоростью нанесения порошкового слоя при сохранении высокой геометрической точности изделий. 

Традиционные системы часто приводят к возникновению дефектов, таких как сдвиговые деформации, образование 

локальных пустот и межслойная деламинация. Цель. Разработать и исследовать математическую модель мехатронной 

системы формирования порошкового слоя, позволяющую повысить производительность и качество 3D-печати.  

Методы. Проведен сравнительный анализ систем нанесения (пластина, вращающийся ролик и предложенный меха-

тронный модуль) с использованием аналитического моделирования и компьютерного моделирования в среде Altair 

EDEM 2023 и MatLab Simulink. Результаты. Разработанные математические модели описывают динамику потоков 

сыпучих сред и зависимости расхода порошка от параметров движения исполнительных органов. Установлено, что 

предложенная мехатронная система позволяет достичь скорости нанесения 2800 мм/с при величине сдвига 1,98 мм. Это 

в 14 раз быстрее, чем при использовании прямоугольного ракеля (200 мм/с, сдвиг 5 мм), и в 3,3 раза быстрее, чем при 

использовании вращающегося ролика (850 мм/с, сдвиг 2,4 мм), при сохранении 7 класса точности размеров ГОСТ 

26645-85. Выводы. Полученные математические модели динамики потоков сыпучих сред могут лечь в основу физики 

формирования порошкового слоя и исследований в области повышения качества печатных изделий. 

Ключевые слова: аддитивное производство; математическая модель; формирование порошкового слоя; меха-

тронная система; скорость нанесения; расход материала; реологические свойства 
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