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ARTICLE INFO ABSTRACT
Keywords: Additive manufacturing of sand molds using binder jetting enables production of geometrically complex castings.
Recoating forces Process parameters during recoating significantly affect and impair part quality. While recoating forces have

Sand binder jetting
Layer shifting
Geometric uncertainties
Process optimization

been studied extensively through simulations for metal powder bed fusion, experimental quantification for sand
binder jetting is lacking. The transferability of existing models to sand systems with larger, irregular particles
remains unclear.

This work presents systematic experimental quantification of both tangential and normal recoating forces in
sand binder jetting. A dual load cell measurement system was developed to simultaneously capture both force
components during recoating. The two most common industrial recoater geometries (blades and rollers) were
investigated. Blade angles (70°-92°), roller circumferential speeds (0-500 mm/s), and recoating velocities (100
mm/s and 300 mm/s) were systematically studied using GS14RP sand. Additionally, force differences at tran-
sitions between unprinted and printed areas were examined.

Blade recoaters showed minimum forces at angles of 88°-90°, while 92° blade angle produced sharply
increased forces and a visible displacement of the printed region in the powder bed. Roller recoaters achieved
stable conditions at circumferential speeds above 200 mm/s. Blade recoaters exhibited decreasing forces with
increasing recoating velocity, whereas roller recoaters showed the opposite trend. Force differences at part
boundaries were significantly higher for rollers than for blades, particularly at elevated recoating velocities.
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This study provides experimental data for recoating forces in sand binder jetting, complementing particle-scale
force chain frameworks from the DEM literature and establishing a foundation for future process optimization.
From our results, we identified the configurations that minimize the recoating forces.

1. Introduction

The industrial application of sand binder jetting to produce lost ge-
ometries for sand cores and sand molds has been increasing recently. In
foundry technology sand cores and sand molds are used to produce lost
geometries. Additive manufacturing widely eliminates geometric re-
strictions and enables the production of complex part geometries [1].
While direct 3D printing with laser powder bed fusion (L-PBF) is
increasingly being to produce the final part, 3D printing with sand al-
lows printing sand cores for lost geometries and entire molds. This al-
lows for creating casted parts of complex shape and the efficient use of
foundry resources. Sand binder jetting is divided into recoating, printing
and lowering. These steps are illustrated in Fig. 1.

During the layer-by-layer process, sand is deposited into the cavity
created by lowering the build platform. To create a homogeneous sur-
face and to compact the powder bed, a sufficient amount of sand needs
to be applied and smoothed in the recoating step before binder is
selectively printed. Here, the excess sand required to ensure process
reliability is referred to as powder pile. For economical production, the
steps in Fig. 1 must be carried out as quickly as possible. The major
limitation comes from the recoating step, where recoating velocity
cannot be increased arbitrarily without affecting part quality [2].

A central quality problem during recoating is the displacement of
previously printed layers, referred to as layer shifting. A typical cross-
section is shown in Fig. 2. The layer wise displacement accumulates
over multiple layers and leads to a visible curvature of the part surface.
These effects occur in the lowest layers or after unprinted layer sections
and usually affect small, printed areas of less than 2 cm?. Small, narrow
structures with expansions perpendicular to the recoating direction
might also be affected.

Consequences of shifted layers are uncertainties on the final part
geometry, reduced surface quality and reduced quality of the casted part
[3]. The recoater geometry, the recoating velocity and the layer thick-
ness are reported as relevant parameters for the occurrence of layer
shifting, affecting the mass flow in the powder pile, the location of the
shear band and the forces exerted on the powder bed [2,4,5]. Several
studies attribute the observed displacement to force arcs that form be-
tween sand grains in front of the recoater and to the resulting force
chains that transmit the recoating force into the powder bed [4-6]. The
reported relationships between process parameters and layer shifting
are not consistent across studies: higher recoating speed is usually
associated with more severe layer shifting. Chen et al. [7,8] find that
higher recoating speed may lead to better surface quality than a lower
recoating speed depending on process parameters. This indicates that
the influence of recoating parameters on layer shifting is not yet fully
understood and that further experimental data on the underlying forces
are needed.

The mechanisms by which recoating parameters affect the powder
bed have been studied predominantly through DEM simulations on the
particle scale, mostly in the context of metal powder bed fusion. These
simulations describe phenomena that cannot be directly observed in
experiments and will provide the conceptual framework for interpreting
macroscopic recoating forces.

Several DEM studies show that primally the recoater geometry and
the gap between recoater and powder layer, i.e. the layer thickness,

3D Mould

Cleanin Casting De-corin Finishin
printing Y assembly 2 2 <

Fig. 1. Process steps of the sand binder jetting process (Erhard et al. [1]).

determine both the magnitude and the direction of the resulting forces
and influence the particle flow in the powder pile in front of the recoater
[9-12]. Tangential forces are reported to dominate with blade recoaters,
while roller recoaters induce additional vertical force components and
are more sensitive to layer thickness [9,13,14]. The recoating velocity
and the roller circumferential speed affect particle flow and packing
density in a non-monotonic way. Lifting and rearrangement of particles
by counter-rotating rollers can increase density at moderate speeds,
while excessive speeds lead to dilatation, looser packing and unstable
particle flow [4,6,9,13,15]. Phua et al. [15] further report that higher
recoating velocities increase the kinetic energy of the powder pile and
improve convective particle flow. Beyond the resulting forces, the ge-
ometry of the recoater also affects the surface quality of the deposited
layer. Rollers are reported to produce lower surface roughness and
higher particle volume fractions than blades, which is attributed to their
larger contact area [16].

A central concept in these simulations is the formation of force chains
between particles in the powder pile. In the simulation models, the
recoating force is transmitted through the powder bed via inter-
connected contact networks, see Fig. 3, in which load-bearing particle
chains form, compress and collapse as the recoater advances
[6,9,11,17]. Inclined and round blade geometries are reported to
generate shorter and more numerous force chains in the compact region,
while rotating rollers continuously break these chains through their
rotation. This is also visible as fluctuations in the simulated force signals
[6,9]. The relationship between force chain dynamics and microscopic
contact behavior has been studied in granular mechanics. Liu et al. [18]
show that force chain buckling under deviatoric loading is closely linked
to contact sliding. Sliding contacts are strongly influenced by force chain
instability rather than being part of the chains themselves. Chen et al.
[6] further distinguish between static and dynamic wall effects, where
the recoater acts as a moving boundary that disrupts the contact network
at higher recoating velocities [7]. When the powder bed is described as a
granular continuum rather than as discrete particles, shear failure can be
modelled with criteria such as the Mohr-Coulomb model [19,20],
although such continuum descriptions do not resolve the individual
contact events of the DEM picture.

The framework concept of force arcs, force chains, contact network
dynamics and shear failure are described on the particle scale and within
simulation models, where individual contact forces are accessible as
model output. They are not directly observable in experiments but

Fig. 2. Displaced layers of a printed part during the recoating step. The arrow
indicates the recoating direction.
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Fig. 3. Force arcs formed by dynamic wall effect (Chen et al. [21]).

manifest on the macroscopic scale as forces between recoater and
powder bed [5,6].

Compared to the simulation literature on metal PBF, experimental
studies that directly measure recoating forces in binder jetting are
sparse. The few available experimental works focus on indirect quality
indicators rather than on direct force measurements. Maximenko et al.
[22] combine experiments with modelling and show that the localized
flow during recoating extends over at least 6 to 10 particle diameters
and that the reduced flowability of thin layers is attributed to the for-
mation of stress chains under load. The deformation angle of thin-walled
green bodies is inversely proportional to the thickness of the deposited
layer and directly proportional to the square root of the thickness of the
powder layer removed during recoating. A direct force measurement is
provided by Parteli and Poschel [17]. They simulate polymer PBF (PA,
Ds5p = 60 pm) with a counter-rotating roller and report that both hori-
zontal and vertical force components acting on a printed part fluctuate
strongly in time, the vertical component varying by almost one order of
magnitude as the roller passes over the part, see Fig. 4. They attribute
these fluctuations to the formation of force chains in the powder pack-
ing. Miyanaji et al. [23] show that binder saturation and in-process
drying is critical for green part quality, with insufficient drying time
leading to layer shearing defects. A more direct experimental approach
has recently been presented by Brika and Brailovski [24], who devel-
oped a dedicated test apparatus to measure the horizontal spreading
forces, powder bed density and surface uniformity during recoating.
Beyond these isolated studies, the role of the recoater geometry for the
overall powder spreading quality is also recognized [25]. However, no
equivalent experimental characterization has been reported for sand
binder jetting.

The transfer of the simulation results from metal PBF to sand binder
jetting is limited by differences in particle and process characteristics.
Sand particles have a mean diameter of Dso = 135 pm, substantially
larger than typical metal powders with Dso around 40 pm. Furthermore,

Fig. 4. Force magnitudes of total recoating forces while recoating over a
sample part (green) (Parteli et al. [17]). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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they are irregular rather than spherical. Cohesion effects, which are
dominant in fine metal powders, are negligible in sand. The application
mechanisms in commercial sand binder jetting systems also differ from
those used in many of the cited PBF studies. Dedicated work on sand
binder jetting itself is limited to a small number of simulation studies.
Donval et al. [26] provide a first simulation basis by modelling the layer-
by-layer application of sand through a directed contraction of a unit cell.
Their model does not address the recoating forces themselves. Li and
Yan. [27] develop a CFD-DEM coupling model for binder jetting and
show that printed layers are displaced under combined normal and
shear forces during recoating. Longer drying times reduce the shifting
distance by allowing the binder to stiffen. Their model uses fine metal
powders and a thermally activated methacrylate binder, so the transfer
of these results to sand systems remains unclear.

The literature on recoating in binder jetting is dominated by particle-
scale simulations for metal PBF, in which force chains in the powder pile
are identified as the central mechanism for transmitting forces from the
recoater to the powder bed. Experimental data on the corresponding
macroscopic recoating forces in sand binder jetting are sparse. Based on
this research gap, this work presents an experimental quantification of
the tangential and normal recoating forces in sand binder jetting under
varied process conditions. Tangential forces parallel to the recoating
direction and normal forces perpendicular to the powder bed surface are
measured directly with two load cells, allowing the resulting force
vector and its direction to be evaluated. The combination of these
components characterizes the macroscopic mechanical loading on the
powder bed during recoating and complements the particle-scale force
chain mechanisms described in the simulation literature with experi-
mental data for sand systems. Specifically, this work examines how
blade angles between 70° and 92° influence the tangential and normal
recoating forces, how roller circumferential speeds between 0 mm/s and
500 mm/s affect these forces and how the forces change at transitions
between unprinted and printed areas. The measurements are carried out
on an experimental printing system in which material application is
separated from powder bed smoothing, corresponding to commercially
available systems and allowing the results to be transferred to many
commercial sand binder jetting machines.

2. Experiment bench and measuring device

The investigations in this paper are carried out for the binder jetting
process using sand. Sand as material is a differentiating factor compared
to the previous investigations in literature. The particles are essentially
larger and more irregular in shape than, for example, in metal PBF. The
tangential (parallel to the recoating line) and normal (perpendicular to
the recoating line) recoating forces are investigated. An experiment rig
designed at Fraunhofer IGCV, shown in Fig. 5, is used for the
experiments.

The experiment bench is designed based on commercially available
sand binder jetting systems and adapted for experimental investigation
of the process. It consists of an Isel LES 5 linear drive (isel Germany
GmbH, Germany) for each direction. The recoater and print head unit
are mounted on the x-axis. The print head is moved in the y-direction via
its own linear axis. The build platform for the powder bed and the
measuring device for force measurement are mounted on the z-axis. A
Starfire SG1024MA (FUJIFILM Dimatix, USA) with 1024 nozzles, a drop
size of 80 pl, and a resolution of 400 dpi is used as the print head.

Preliminary experiments show that the amount of sand applied
should be kept as constant as possible, as the recoating forces are sen-
sitive to fluctuations in quantity. For this reason, the recoater unit
consists of separate application unit (conveyer belt) and smoothing unit
(blade or roller recoater), see Fig. 6.

The material application unit in Fig. 6 is based on the conveyor belt
principle. A storage container for the sand to be applied is positioned on
a conveyor belt at an adjustable distance from the latter. During the
movement in the opposite recoating direction, the conveyor belt
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Fig. 5. Experimental bench for investigating recoating forces, developed at Fraunhofer IGCV.
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Fig. 6. Experiment apparatus and measurement setup for investigating the recoating forces.

transports the powder onto the powder bed. The amount of powder
deposited can be precisely adjusted by changing the distance between
the powder container and the conveyor belt or the conveyor belt speed.
Despite minor variations in powder delivery, the applied amount of sand
plus was determined empirically. The smoothing unit is mounted inde-
pendently of the depositing device to smooth the powder bed.

The experimental procedure is as follows:

1. The build platform moves down by the layer thickness plus a safety
margin of 0.5 mm to ensure complete layer coverage.

2. The x-axis moves across the build platform (in the opposite recoating
direction, to the left). At the same time, the conveyor belt begins to
apply sand.

3. After completely crossing the build platform, the x-axis and conveyor
belt stop.

4. To achieve the exact layer height and a homogeneous, smooth sur-
face, the build platform moves to the correct z-height (layer
thickness).

5. The recoater moves back (in the recoating direction, to the right)
over the build platform and smooths the layer. Excess sand falls onto
the sand collection platform. The sand remains in the weighing
balance.

6. For printed areas, the print head then prints the binder into the layer.

7. The process restarts with step 1.

The speeds can be set individually, including the recoating velocity.
When printing the build area, on the right-hand side of the build area
binder is applied, as shown in Fig. 7. In the control experiment, there is
no binder applied on the right-hand side of the build area. Subsequently,
the process starts again from the beginning, as described in Fig. 1.

The recoater geometry can be individually modified by the selected
setup. The conveyor belt and, if applicable, the recoater roller are each
driven by stepper motors and controlled by a Beckhoff soft program-
mable logic controller (PLC). The measuring device for force measure-
ment consists of a Tedea Huntleigh 2 kg load cell for measuring the
normal force and a RS PRO 600 g load cell for measuring the tangential
force, which are shown in Fig. 6.

The two load cells are connected in series. With this recoating
principle, the sand, which is removed from the powder bed by the action
of the recoater, drops onto the sand collection platform at the side of the
powder bed. To avoid weighing differences resulting from this proced-
ure, a sand collecting platform is placed at a distance below the build
platform to catch the falling sand. With this principle, the sand falling
from the powder bed remains on the load cell and does not influence the
force measurement. The serial arrangement of the two single-point load
cells results in mechanical coupling. Two effects are addressed: Tilting
moments and crosstalk between the load cells. To address tilting mo-
ments, we use single-point load cells. Forces applied in one direction
partially affect the measurement of the other load cell. To quantify and
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Recoating Direction

Powder Bed

Printed Part

Sand Collection
Platform

Fig. 7. Powder bed with unprinted and printed areas for investigating the influence of printed areas on the recoating force.

correct this
performed:

cross-talking effect, calibration experiments were

o Tangential direction: Via a calibrated spring balance known hori-
zontal forces (0-100 mN) were applied

e Normal direction: Calibrated weights (resulting in forces 0-2000
mN) were placed on the build platform

Subsequently linear regressions of the recorded load cell outputs
from both calibration experiments yielded the correction factors.
Resulting tilting effects contribute to measurement uncertainty but are
not expected to systematically bias the results. The evaluation is based
on the measured recoating forces. The tangential force Fr corresponds to
the corrected horizontal force, and the normal force Fy corresponds to
the corrected vertical force. To determine the total recoating force, the
magnitude of the forces is calculated, which is described in the evalu-
ation as the force vector Fes. The force angle a describes the angle be-
tween the tangential force Fr and the force vector F.s. These values are
highlighted in Fig. 6.

The position and force data of the system is evaluated and recorded
at 500 Hz via the soft PLC and TwinCAT. This results in a sample time of
2 ms. A FIR filter is used for noise suppression. Both measurement sig-
nals are processed with a Savitzky-Golay filter. The parameters are set as
follows in Table 1:

2.1. Recoater geometries

A square blade with a cross-section of 20 mm x 20 mm and a rotating
roller with a diameter of 20 mm are examined, as shown in Fig. 8. The
blade can move over the powder bed at an adjustable angle, while the
roller is driven by a belt drive with variably adjustable speeds in the
counterclockwise direction to the recoating direction.

In industrial designed recoaters applying and smoothing of the layer
to be built is conducted in one single step. To separate the forces applied
by the sand from the recoating forces both the applying and smoothing
step are conducted separately in this study. The square blade cross-
section was selected to match industrial blade designs. The blade
thickness may influence the powder flow at the trailing edge, as the thick
blade body partially restricts particle backflow. Thin blades are used in
metal PBF. However, with sand particles the relative blade-to-particle
size ratio is smaller than in metal PBF, potentially reducing this effect.
Comparative studies with different blade thicknesses are beyond the
scope of this work.

Table 1

Parameters of the Savitzky-Golay filter.
Parameter Value
Window Length 85

Polynomial Degree 4

The experiment parameters for the two geometries are listed in
Table 2.

The angle of the square blade refers to the angle between the powder
bed and the blade in the recoating direction at the front. The circum-
ferential speed of the rotating roller is specified in the counterclockwise
direction.

2.2. Experimental plan

The tangential and normal recoating forces that influence the shear
behavior of the powder bed in front of the recoater are to be investi-
gated. The parameters recoating velocity, blade angle, roller circum-
ferential speed and layer thickness are included for this purpose. For a
better evaluation of the relative speed in the recoater area, the roller
circumferential speeds are examined instead of the roller speed. The
parameters to be investigated are listed in Table 3. To isolate the effect of
printed layers on recoating forces, control experiments without binder
application were conducted. In these control experiments, the identical
measurement protocol was followed but no binder was applied. Hence
the control experiments are marked with “N” in the table. The com-
parison between experiments with and without binder respectively
printed layers allows distinguishing force effects caused by printed
layers from those caused by other factors. The standard parameters used
in this investigation for the blade and roller are shown in bold. In the
preliminary experiments, it was found that the results can only be
compared to each other within a narrow time frame. Indeed, environ-
mental factors and empirical uncertainties such as air humidity or sand
moisture have a strong influence. The experiments marked “N.A.” in
Table 3 could therefore not be included in the evaluation of the results.

For better evaluation of the relative speed in the recoater area, the
roller circumferential speed is reported instead of the angular velocity.
This allows direct comparison with the recoating velocity and enables
calculation of the relative speed between the roller surface and the
powder bed. At a circumferential speed equal to the recoating velocity,
the relative speed at the contact point is zero. Higher circumferential
speeds result in the roller surface moving faster than the recoating
motion.

To assess the dispersion of the results, each experiment is carried out
three times. Preliminary experiments showed that the surface quality of
the build platform has a significant effect on the experiment results and
that this influence becomes negligible from layer 4 onwards. Therefore,
only layers 4-10 of an experiment are evaluated below. Since the first
layer cannot be printed in experiments due to the build platform, a base
layer (layer 0) is used in each experiment. The layer configuration with
printed layers is shown in Fig. 9. This results in a total of 21 evaluable
layers per data point from the three experiments and the seven evaluated
layers.
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Fig. 8. Illustration of the recoater geometries investigated.

Table 2
Recoater geometries and parameters investigated.

Geometry Parameters investigated

Square blade
Rotating roller

70°, 75°, 80°, 85°, 88°, 90°, 92°
0 mm/s, 100 mm/s, 300 mm/s, 500 mm/s

2.3. Sand, binder and additives

The sand used in this study for the experiments is GS14RP, a
commercially available silica quartz sand for rapid prototyping in
foundry from Strobel (Strobel Quarzsand GmbH, Germany). The average
sand grain diameter is Dsg = 135 pm, the cumulative distribution ac-
cording to the manufacturer is shown in Fig. 10. The characteristic
values are: Djgp = 94 pm and Dgyp = 174 pm. The AFS number is 95.

To complement the particle size distribution, the morphology of the
sand grains was examined by SEM. Fig. 11 shows representative electron
microscopy images of GS14RP particles. The grains exhibit an irregular
shape with rough surfaces and a moderate degree of sphericity. Ac-
cording to the manufacturer, the uniformity ratio is 90%. These char-
acteristics distinguish it from the spherical morphology of typical metal
AM powders.

In the experiments with printed layers, binder is selectively printed
by the print head. The binder used is the inorganic binder Cordis AM101
(Hiittenes Albertus, Germany) based on a modified sodium silicate so-
lution. The target binder-to-sand ratio is 3.5 wt% in the actual experi-
ments, which corresponds to a volumetric saturation of 10.6% of the
porous volume.

Interlayer curing is known to cause deformations of the printed parts.
Nonetheless, to address the binder drying the time between binder
deposition and the subsequent recoating step was held constant in all the

Table 3
Examined parameter combinations. The standard configurations are shown in bold.

Recoating speed Blade/roller Layer thickness Binder Recoating speed Blade/roller Layer thickness Binder
100 mm/s 70° 280 pm Y/N

100 mm/s 75° 280 pm Y/N

100 mm/s 80° 280 pm Y/N 300 mm/s 80° 280 pm Y/N
100 mm/s 85° 280 pm Y/N 300 mm/s 85° 280 pm Y/N.A.
100 mm/s 88° 280 pm Y/N 300 mm/s 88° 280 pm Y/N
100 mm/s 90° 280 pm Y/N 300 mm/s 90° 280 pm Y/N.A.
100 mm/s 92° 280 pm Y/N

100 mm/s 0 mm/s 280 pm Y/N 300 mm/s 0 mm/s 280 pm Y/N
100 mm/s 50 mm/s 280 pm Y/N

100 mm/s 100 mm/s 280 pm Y/N 300 mm/s 100 mm/s 280 pm Y/N
100 mm/s 200 mm/s 280 pm Y/N

100 mm/s 300 mm/s 280 pm Y/N 300 mm/s 300 mm/s 280 pm Y/N
100 mm/s 400 mm/s 280 pm Y/N

100 mm/s 500 mm/s 280 pm Y/N 300 mm/s 500 mm/s 280 pm Y/N

X
Measurement of Layer 10 \
z
Layers 1-10 Base Layer (Layer 0)

Printed Part

Fig. 9. Recoating force measurement, here as an example for layer 10.
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Fig. 10. Grain size distribution of GS14RP sand used in this work.

experiments via the process design and was 8 s. The binder state during
recoating therefore corresponds to an early point along the natural
drying trajectory of the binder itself.

Sands are mixed with additives to improve their mechanical prop-
erties and facilitate handling after the printing process. To ensure
comparability between the experiments with and without printed layers,
all sand batches were prepared identically with the additives listed in
Table 4 before use. Without these additives, the control experiments
(“no binder”) would have different powder flow properties, affecting the
comparison.

The additives AM401 and AM50 improve component properties such
as edge sharpness and flowability of the sand. The additive from Vox-
elJet (VoxelJet AG, Germany) is a cold-curing hardener based on
waterglass ester. The residual moisture content of the material was
measured at 0.32% by a Kern Moisture Analyzer DBS60-3. The bulk and
tapped densities were measured to a bulk density of 1.411 g/cm® and a
tapped density of 1.639 g/cm®, resulting in a Hausner ratio of 1.162.

2.4. Data processing and evaluation

The single experiments are evaluated layer by layer. For these layers,
the normal and tangential force data are evaluated and analyzed in
specific regions. An example of a recorded measurement for a layer with
a printed part is shown in Fig. 12.

The measurement record describes the tangential force (blue) and
normal force (brown) curves in mN vs. the x-axis position, with the
recoating direction from left to right. The build platform area is located
between the black-lined vertical lines. The purple vertical line marks the
beginning of the printed area.

Both forces are set to zero via the moving average in front of the build
platform in order to evaluate the data for the current layer. The evalu-
ation algorithm detects the start and end of the layer by determining the
local maximum of the force change. This is necessary due to the layer-

Powder Technology 480 (2026) 122631

by-layer change in the powder bed edge as a result of the angle of
repose of sand. For further data processing, regressions are calculated
for each area and force. These are created for the unprinted area (yel-
low/pink) and the printed area (green/gray).

The force curves jump at the start of the build platform when the
recoater hits the sand. The force curves rise due to the growing powder
pile in front of the recoater, with tangential and normal force curves
having different slopes. During recoating, the excess sand falls onto the
sand collecting platform at the edges of the build platform. In the
measurement balance of the normal force curve, the falling sand is
retained by the selected design. At the transition to printed surfaces,
there is a sharp increase in the force in both curves. The slope of the force
curves may change over the printed surfaces.

The following diagrams always evaluate the mean value of the two
regression curves over the printed area, which are marked with an “X” in
Fig. 12. The portion of the recoater interacting with the powder bed is
defined as contact length. As there is no box in the experimental setup,
the contact length depends on the powder bed geometry, which un-
dergoes a change with each layer due to the angle of repose at the bed

Table 4
Sand binder system used.

Additive Form Amount in wt%-sand
Cordis AM401 Powder 1%

Cordis AM50 Liquid 0,02%

VoxelJet IOB Additive C Liquid 0,25%

Exemplary Recoating Force Measuring Diagram
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Fig. 12. Example measurement data diagram with marked evaluation areas.

Fig. 11. Electron microscopy image of the GS14RP sand used in this study.
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edges. Forces are normalized per centimeter of recoater contact length
to enable comparison across layers. For the used sand-binder system
experiments showed an angle of repose of 33.5°. The contact length
increases linearly from layer 1 to layer 10 as the tapered edges extend.
For the evaluated layers 4-10 as mentioned in Section 2.2, layer 7
represents the median contact length of 15.37 cm for the layer thickness
of 280 pm, 15.05 cm for the layer thickness of 420 pm and 14.74 cm for
the layer thickness of 560 pm.

The experiment results are presented below for each individual
parameter. The recoater geometry and velocity results are shown in
Section 3.1 evaluating neutral to inclined angles. Section 3.2 discusses
the results for the force difference at the beginning of a printed part,
respectively the transition from unprinted to printed areas, as a central
experiment to measure the part sensitivity for illustrating the conditions
during an eventually layer displacement.

3. Results
3.1. Recoating forces

The influence of recoater geometry on the recoating forces is
examined below.

3.1.1. 100 mm/s recoating velocity

For this purpose, the measurement results shown in Fig. 13 are
considered at a layer thickness of 280 pm and a recoating velocity of
100 mm/s.

The Fig. 13a and b show the tangential force (Fr) and normal force
(Fn) above the recoater geometry. To estimate the total recoating force
acting, Fig. 13c shows the magnitude of the tangential and normal forces
above the recoater geometry. Fig. 13d shows the resulting force angle
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above the recoater geometry. This order of presentation is maintained
for the following experiments. The mentioned values are the median
values of the data points.

The tangential and normal forces for different blade angles show that
both decrease as the blade angle increases. In the range examined, they
approach at 90° values of 4.9 mN/cm (tangential force) and 1.8 mN/cm
(normal force). The maxima at a blade angle of 70° over printed areas
are 7.7 mN/cm (tangential force) and 6.5 mN/cm (normal force). As the
blade angles become more inclined, there are greater differences be-
tween printed layers and control experiments. The forces over printed
areas are higher than over unprinted areas. At a blade angle of 85°, the
tangential force shows a local minimum of 4.3 mN/cm. However, the
normal force does not exhibit a corresponding minimum at this angle.

A similar trend is observed for the force magnitude. As the blade
angle increases, the values at 90° approach a force of 5.3 mN/cm.
Moreover, at steep blade angles (70° - 80°), the forces over printed areas
are significantly higher at 10 mN/cm than over unprinted areas with
values of flat 7.4 mN/cm. The maximum is 10.0 mN/cm at a blade angle
of 70° over printed areas. In contrast, the force is higher at a blade angle
of 88° over unprinted areas than over printed areas.

The force angle decreases in the examined range between 40.1° and
20.5°, with sharper blade angles exhibiting higher force angles. It fol-
lows that the normal force changes more significantly than the
tangential force in the examined range.

In the following Fig. 14, the influence of the roller circumferential
speeds on the recoating forces at a recoating velocity of 100 mm/s is
considered analogously.

The evaluation of the tangential and normal forces shows a non-
linear decrease in forces with increasing roller circumferential speed.
The forces drop from 13.6 mN/cm (tangential force) and 17.6 mN/cm
(normal force) to 4.0 mN/cm (tangential and normal force), a value at

Blade Recoater: Recoating Forces at vy, = 100 mm/s and hyayer =280 pm
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Roller Recoater: Recoating Forces at v = 100 mm/s and hyayer =280 pm
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which a stabilization occurs. This trend can also be seen in the evalua-
tion of the force magnitude. The values are higher over printed areas
than over unprinted areas. At high speeds, the values hardly change. The
force angle only changes significantly in the range up to 100 mm/s and
fluctuates around 38.3° at higher circumferential speeds. Force angles in
the range around 45.0° show that the tangential and normal forces have
a similar magnitude.

The results for the blade and roller show that, apart from a roller
circumferential speed of 0 mm/s, the tangential forces are in similar
ranges. The roller has higher normal forces than the blade. The force
magnitude is comparable for both geometries. A comparison of the force
angles shows that the resulting force vector is oriented more horizon-
tally, i.e. smaller angle relative to the powder bed surface) for blades
than for rollers.

3.1.2. 92° blade angle

Blade angles above 90° seem to represent a critical operating regime.
Due to significantly exceeding recoating forces, the results observed at a
blade angle of 92° are presented separately to preserve the clarity of
trends observed at the blade angle range from 70° to 90°.

Fig. 15 shows the results for all blade angles examined. The results
reveal significantly higher values for both the tangential force at 40.5
mN/cm and the normal force at 79.7 mN/cm than for the other blade
angles. This difference is greater for the normal force. At 89.4 mN/cm,
the force is also higher than the value for the other blade angles. Eval-
uating the force angle shows that, at 63.0°, it is higher than the values
for the other blade angles and is clearly influenced by the normal force.
This effect differs from the other blade angles examined. Overall, all

values examined for a 92° blade angle are higher than the other results
in this paper.

The force differences at the transition from unprinted to printed
areas are also examined for a blade angle of 92°. The results are shown in
Fig. 16.

Fig. 16a and b show the force difference at the transition from
unprinted to printed areas with a blade angle of 92°. At 97.4 mN/cm, the
tangential force difference is significantly higher than for the other blade
angles investigated. The same applies to the normal force difference,
which has a value of 203.9 mN/cm.

A comparison with the roller geometry shows that the clamping and
compression effect is greater at a blade angle of 92° than for the roller
geometry.

3.1.3. 300 mm/s recoating velocity

The results for a recoating velocity of 300 mm/s are shown below in
Fig. 17. The presentation is the same as in the results for a recoating
velocity of 100 mm/s.

The experiment results on the influence of recoater geometry at a
recoating velocity of 300 mm/s and a layer thickness of 280 pm are
shown in Fig. 17. The tangential forces in the investigated range are
between 3.0 mN/cm and 4.1 mN/cm and remain approximately con-
stant. The normal forces are in the high range at 2.6 mN/cm and
decrease with increasing blade angle to 1.1 mN/cm at a 90° blade angle.
The force fluctuates between 3.2 mN/cm and 4.9 mN/cm. When
comparing the experiments with and without printed areas, the forces
over printed areas are always higher than over unprinted areas. The
force angle decreases with increasing blade angle from 32.8° at an 80°
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Fig. 16. Investigation of the binder transition at a blade angle of 92° in comparison to other blade angles.

blade angle to 19.3° at a 90° blade angle over the printed area. It follows
that the normal force changes more with increasing blade angle than the
tangential force.

Fig. 18 shows the evaluation of the experiments with roller geometry
at a recoating velocity of 300 mm/s.

The evaluation of the tangential and normal forces shows that the
recoating forces decrease with increasing roller circumferential speed.
They stabilize at 6.1 mN/cm. The maxima are always at 0 mm/s roller
circumferential speed. The maximum tangential force is 12.8 mN/cm,
and the maximum normal force is 17.2 mN/cm. The forces are higher
over printed areas than over unprinted areas at the same roll circum-
ferential speed.
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The force magnitude has a similar curve to the tangential and normal
forces. The maximum is 21.4 mN/cm. The values decrease non-linearly
and settle at 8.0 mN/cm as the roller circumferential speed increases.
For the force magnitude, the values are higher over printed areas than
over unprinted areas at the same roller circumferential speed.

The force angle is around 50°. This observation indicates a uniform
change in the proportions of tangential and normal force at different
roller circumferential speeds. Again, the values are higher over printed
areas than over unprinted areas.

For all blade geometries examined, both the tangential and normal
forces are lower than for all roller circumferential speeds examined. The
force angle decreases from 32.8° at a blade angle of 80° to 19.3° at a
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Blade Recoater: Recoating Forces at viec =300 mm/s and hyayer =280 pm
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Fig. 17. Recoating forces of printed parts and control experiments at different blade angles. a) normalized tangential force, b) normalized normal force, c)

normalized force vector magnitude, and d) resulting force vector angle.

blade angle of 90°, thus becoming flatter. The force angles for the roller
circumferential speeds examined are 50.0°, which is steeper than those
for the blade angles examined.

To describe the influence of recoating velocity on recoating forces,
we evaluate the recoating velocity of 100 mm/s and 300 mm/s at the
layer thickness of 280 pm. For the blade recoater we consider the blade
angle of 88° and for the roller recoater the roller circumferential speed of
100 mm/s. The results from Figs. 13 and 17 respectively Figs. 14 and 18
are observed.

With the blade recoater, the recoating forces decrease as the
recoating velocity increases. This difference is greater for the tangential
force than for the normal force. The tangential force decreases from 5.0
mN/cm to 3.5 mN/cm over printed areas and from 4.8 mN/cm to 3.0
mN/cm on unprinted areas. The normal force decreases from 2.4 mN/
cm to 1.7 mN/cm and from 2.1 mN/cm to 1.3 mN/cm, respectively.
Likewise, the recoating force magnitude is reduced. The force angle
increases over printed areas and decreases over unprinted areas as the
recoating velocity increases. Over printed areas, the force therefore acts
deeper into the powder bed.

For the roller recoater, the tangential and normal forces over printed
areas consistently show higher force values compared to unprinted
areas. The tangential force shows no speed-dependent differences over
unprinted areas, but there is an increase over printed areas. The normal
force shows slightly higher forces over unprinted areas at higher
recoating velocity. Over printed areas, the normal force is significantly
higher at 12.0 mN/cm at a recoating velocity of 300 mm/s than at 6.2
mN/cm at a recoating velocity of 100 mm/s. This behavior is also re-
flected in the force magnitude. The force angles are 42.3° at a recoating
velocity of 100 mm/s and 51.6° at a recoating velocity of 300 mm/s. As a
consequence, the main resulting direction of the recoating force changes
deeper into the powder bed as the recoating velocity raises.
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The results show that the effect of the recoating velocity on the forces
is lower for the blade recoater than for the roller one. The forces
decrease with higher recoating velocity. Especially over printed areas,
the force is significantly higher for rollers than for blades. While the
recoating force acts mainly tangentially with blades, the direction of
action changes from tangential to steep downward with increasing
recoating velocity for rollers.

No results could be evaluated for a blade angle of 92° at 300 mm/s.

3.2. Force differences at part boundaries

The literature describes impacts that occur at the transitions from
unprinted to printed areas [13,17]. To isolate the effect of printed areas
on recoating forces, control experiments without binder application
were conducted. In the control experiments, marked with “no binder”,
the same measurement protocol was followed, but no binder was
applied. The comparison between experiments with binder, marked
with “binder”, and without binder distinguishes force differences caused
by printed layers from that cause by other factors.

To investigate this part sensitivity, the partial regression lines from
Fig. 12 are examined. More specifically, the difference in regression
force at the end of the first (unprinted) section and at the beginning of
the second (printed) section is considered (green-orange and gray-pink
regression lines, respectively). This corresponds to the force difference
at the purple line in Fig. 12. This location has a part edge that is com-
parable to those in literature. The recoater geometry and velocity are
considered.

The following section examines the force differences at the transition
from unprinted to printed areas depending on the recoater geometry.
Fig. 19 shows the results for a layer thickness of 280 pm and recoating
velocity of 100 mm/s and 300 mm/s for different blade angles.
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Roller Recoater: Recoating Forces at vyec = 300 mm/s and hyayer = 280 pm
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Fig. 18. Recoating forces of printed parts and control experiments at different roller circumferential speeds. a) normalized tangential force, b) normalized normal
force, c) resulting normalized force vector magnitude, and d) resulting force vector angle.

At a recoating velocity of 100 mm/s, the tangential and normal force
differences before and after the part for varying blade angles show that
at a blade angle of 70° the force differences are higher than at a blade
angle of 90°. At a recoating velocity of 300 mm/s, the tangential and
normal force differences show relatively small variation across blade
angle investigated. The tangential force difference ranges from 12.2
mN/cm at 80° to 18.1 mN/cm at 90°. The normal force differences in the
investigated range are 5.0 mN/cm and thus tend to be lower than the
tangential force differences.

The Fig. 20 shows the results for different roller circumferential
speeds.

For the roller circumferential speeds investigated, the tangential and
normal force differences decrease with increasing roller circumferential
speeds from 42.6 mN/cm and 70.4 mN/cm at 0 mm/s to almost 0.0 mN/
cm at 100 mm/s roller circumferential speed. The normal force differ-
ence tends to be higher than the tangential force difference in the range
investigated. At a recoating velocity of 300 mm/s, the force differences
are higher than at a recoating velocity of 100 mm/s and only decrease at
higher roller circumferential speeds. Furthermore, they don't approach
0.0 mN/cm but remain elevated.

The control experiments without printed areas show no significant
differences in force for blade angles. At different roller circumferential
speeds, there are negative differences in the investigated range at low
roller circumferential speeds, both in terms of tangential and normal
force differences. This results from the regression line generation. While
the powder pile increases more at the beginning of the build platform,
the forces rise more there. With dividing the regression line into two
parts, with less increase at the end of the platform there is a negative
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difference at the transition from the unprinted to printed area.

As in the previous section we evaluate the recoating forces at 100
mm/s and 300 mm/s recoating velocity to describe the influence of
latter on the recoating force differences at the transition from unprinted
to printed areas. Again, the results for a layer thickness of 280 pm and a
blade angle of 88° respectively a roller circumferential speed of 100
mm/s for recoating velocity of 100 mm/s and 300 mm/s.

The results for the blade recoater have higher force differences at the
transition to printed areas at higher recoating velocity. The tangential
force difference increases from 2.0 mN/cm at a recoating velocity of 100
mm/s to 12.5 mN/cm at a recoating velocity of 300 mm/s, while the
normal force difference increases from 4.7 mN/cm at a recoating ve-
locity of 100 mm/s to 7.7 mN/cm at a recoating velocity of 300 mm/s. A
comparison with the results without printed areas shows that these also
increase with increasing recoating velocity. The effect is therefore
negligible.

The results for the roller recoater show significantly higher force
differences at higher recoating velocity. The tangential force difference
increases from 3.9 mN/cm at a recoating velocity of 100 mm/s to 42
mN/cm at a recoating velocity of 300 mm/s, while the normal force
difference increases from 8.5 mN/cm at a recoating velocity of 100 mm/
s to 67.5 mN/cm at a recoating velocity of 300 mm/s. The tangential and
normal force differences in the comparative experiment without printed
areas are close to 0.0 mN/cm. We thus observe the significant influence
of the effect of printed areas.

A comparison of the force differences at the transition to printed
areas shows that the roller has a significantly greater effect than the
blade. The recoating velocity in particular has a strong influence on the
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Blade Recoater: Force Difference at the Begin of Printed Parts at vy.c = 100 mm/s and vyec = 300 mm/s and hgayer = 280 pm
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Fig. 19. Force differences at the begin of printed parts and control experiments at different blade angles and recoating velocity: a) normalized tangential force at 100
mm/s recoating velocity, b) normalized normal force at 100 mm/s recoating velocity, c) normalized tangential force at 300 mm/s recoating velocity, d) normalized

normal force at 300 mm/s recoating velocity.
values.
4. Discussion

This study measures recoating forces in sand binder jetting in a
parameter study. According to the state of the art, these forces can be
assigned to the force arcs between the sand particles, whose net force
leads to the result in the recoating force. The experimental results are
discussed below.

4.1. Influence of recoater geometry on recoating forces

The measurements show that blade angles of 88°-90° yield the
lowest recoating forces, with a normalized tangential force of 4.9 mN/
cm and a normalized normal force of 1.8 mN/cm at a blade angle of 90°.
Forces increase with decreasing blade angle toward 70°. At a blade angle
of 70°, the tangential force rises to 7.7 mN/cm and the normal force to
6.5 mN/cm. The force vector angle shows a linear relationship with the
blade angle in the range of 70° - 90°, with a “base angle” of approxi-
mately 20° at 90°. This means that at steep blade angles, the tangential
force dominates, while the normal force gains influence at inclined
angles.

This implies that more inclined blades (e.g. 70°) compress the
powder bed more strongly, increasing the risk of displacing previously
printed layers. The 88° standard angle used in practice represents a good
compromise. It minimizes forces while accounting for manufacturing
tolerances and avoiding the critical range beyond 90°. Beyond 90°,
particles become trapped in the gap between blade and powder bed
leading to sharply increased forces. The measured forces at 92° confirm
this critical transition.

Because of the unusually high recoating forces measured for the 92°
configuration, the powder bed surface was additionally documented
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after recoating to check whether the elevated forces had a visible effect
on the powder bed. Fig. 21 compares the reference layer with the printed
part before recoating (Fig. 21a) with the powder bed surface after
recoating at blade angles of 88° and 92°.

At 88°, the printed region remains in its intended position after
recoating, consistent with the low forces measured for this configura-
tion. At 92°, a clear displacement of the printed region in the recoating
direction is visible, corresponding to the substantially higher tangential
and normal forces measured under this condition. While these are in-
dividual observations rather than systematic image series, they provide
a direct visual reference for the mechanical consequence of the elevated
forces measured by the load cell measurements.

These findings are consistent with Zhang et al. [14], who reported
that tangential forces predominate in blade recoaters. The observation
that the recoating force depends mainly on the powder pile size in the
recoating direction confirms the DEM predictions of Wang et al. and
Chen et al. [6,10], who showed that force chains form primarily in the
powder pile in front of the recoater. The smooth blade surface facilitates
particle flow from the bottom to the top of the powder pile, as described
by Wang et al. [9].

Regarding the transferability to metal AM, the larger sand particles
with mean diameter of 140 pm compared to typical metal powder with
40 pm and their irregular grain shape are expected to form more stable
force chains. However, the fundamental mechanism of steeper blade
angles reducing forces by minimizing the compression zone should
apply to both material systems, as it is governed by geometry rather than
particle-scale cohesion.

Without circumferential speed (0 mm/s), rollers behave like blades
beyond 90°, with high forces due to particle trapping. With increasing
circumferential speed, forces decrease non-linearly: from 13.6 mN/cm
at 0 mm/s to 4.0 mN/cm at 500 mm/s circumferential speed. Above 200
mm/s forces stabilize at a constant level, defining a basic force angle of



R. Burger et al.

Powder Technology 480 (2026) 122631

Roller Recoater: Force Difference at the Begin of Printed Parts at v..c = 100 mm/s and vyec =300 mm/s and hyayer = 280 pm
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Fig. 20. Force differences at the begin of printed parts (“binder”) and control experiments (“no binder™) at different roller circumferential speeds and recoating
velocity: a) normalized tangential force at 100 mm/s recoating velocity, b) normalized normal force at 100 mm/s recoating velocity, ¢) normalized tangential force at
300 mm/s recoating velocity, d) normalized normal force at 300 mm/s recoating velocity.

Recoating Direction

Fig. 21. Camera images of powder bed surface with a) reference layer with printed part, b) recoated layer with 88° blade angle, c) recoated layer with 92°

blade angle.

approximately 40°.

The results indicate that roller circumferential speeds below 200
mm/s increase the normal force component, potentially leading to
stronger powder bed compaction and higher risk of layer displacement.
Circumferential speeds above 200 mm/s show stable and low force ra-
tios. This shows that it is important to consider the relative speed be-
tween the recoater and the powder bed with counterclockwise rotating
rollers.

The non-linear force decrease confirms the theoretical models of
Wang et al. [9] and Nan et al. [4] on the breaking of force chains through
rotational movement. The stabilization above 200 mm/s is consistent
with the dynamic wall effect described by Chen et al. [7], where the
roller acts as a dynamic wall that continuously disrupts force chains. The
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requirement for rough roller surfaces for particle transport is confirmed
by the results and corresponds to the recommendations of Wang et al.
[9].

4.2. Influence of recoating velocity

For blade recoaters, increasing the recoating velocity from 100 mm/s
to 300 mm/s reduces the tangential while the normal force and force
magnitude decrease only slightly. The force angle remains unchanged.
This can be attributed to the increased momentum of the powder pile at
higher velocity: the kinetic energy reduces the force required to move
the pile. A comparison of the force differences at the transition from
unprinted to printed areas confirms that higher momentum leads to
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sharper force transitions at 300 mm/s.

An additional observation is that at 300 mm/s, the recoating force
becomes independent of the blade angle, whereas at 100 mm/s it de-
pends on the blade angle investigated. This suggests that a critical ve-
locity threshold exists beyond which the inertia of the powder pile
dominates over geometric effects. However, due to technical problems,
the full blade angle range could not be investigated at 300 mm/s. This
limitation should be acknowledged more explicitly.

These results confirm Phua et al. [15], who concluded that higher
recoating velocities lead to a higher-energy system in the powder pile,
improving convective particle flow. For layer shifting, the reduced
forces at higher recoating velocity suggest a lower risk of layer
displacement. However, the sharper force transitions may create local-
ized stress concentrations at printed-area boundaries.

In contrast to blades, roller recoaters show sharply increased forces
with higher recoating velocity, particularly the normal force over
printed areas. At 300 mm/s recoating speed, forces increase to 21.4 mN/
cm. This indicates that the “trapping effect” outweighs the positive
inertia effects observed with blades.

At 0 mm/s roller circumferential speed, the recoating velocity has no
direct influence on the force, confirming that the particle transport out
of the gap plays a decisive role. At high circumferential speeds, forces
stabilize but remain higher at 300 mm/s than at 100 mm/s recoating
velocity.

For layer shifting, the increase in normal forces with roller recoating
velocity is critical. Unlike blades, higher speeds do not reduce recoating
forces with rollers. This has direct practical consequences: roller
recoaters require careful velocity optimization, balancing throughput
against force levels.

4.3. Influence of binder on recoating forces

A force increase of the recoating force was measured at the transition
from unprinted to printed areas when binder was present, while a
significantly smaller increase was observed in the control case without
binder. This indicates that the presence of binder introduces additional
mechanical resistance during recoating. It should be noted that binder
curing was neither systematically varied nor directly characterized in
the present study as interlayer curing leads to deformation of printed
parts, also known as curling. Nonetheless, to address the binder drying
during the process, the time between binder deposition and recoating
was kept constant across the experiments. Possible underlying mecha-
nisms include early-stage chemical reaction between the sodium silicate
binder and the cold-curing hardener, capillary bridging between parti-
cles and an increase of local stiffness in the printed region. This alters the
contact network in front of the recoater in a manner described by the
force chain framework.

The measured force increase indicates that previously printed layers
experience additional shear load. The binder-induced resistance raises
both normal and shear forces that can impact previously printed layers
under unfavorable conditions. The force ratio between tangential and
normal components provides further insight. For blade recoaters at 88° -
90° tangential forces exceed normal forces. For roller recoaters at low
circumferential speeds, normal forces dominate.

This observation is consistent with the CFD-DEM simulations of Li
et al. [27], who showed that printed layers are displaced under com-
bined normal and shear forces during recoating. The increasing reaction
time of their binder improves its resistance to shear deformation. While
their model uses a thermally activated methacrylate binder and our
experiments use a cold-curing inorganic system on different time scales,
the qualitative principle applies to both. Mechanical resistance of a
printed region grows as the binder reaction progresses. The constant
process interval between binder deposition and recoating in our exper-
iments places all measurements at a comparable, though uncharac-
terized, point along this reaction trajectory.

Environmental factors such as air humidity may have contributed to
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the observed force variability over printed areas between experiments.

The measured force differences at the binder transition are consistent
with the simulation results of Parteli et al. and Yao et al. [13,17], who
showed that particles cannot rearrange themselves as easily over printed
areas, maintaining intact force chains. Blades show higher force differ-
ences at inclined angles than at angles close to 90°, which can be
interpreted within the force chain compression theory of Wang et al. [9].

4.4. Powder pile growth and recoating distance

The experimental setup in this study maintains a preset amount of
powder, uniformly applied on the powder bed. Across all parameter
combinations, recoating forces increase with recoating distance due to
the continuous growth of the powder pile in front of the recoater. The
growing powder pile increases the mass of the material that must be
displaced and reorganized at the recoater face, which is reflected in the
rising recoating forces. As the pile grows, more force chains form leading
to higher net forces on the recoater. Critical part geometries should
therefore be positioned at the beginning of the recoating path. In addi-
tion, optimized powder dosing that minimizes the pile size while
ensuring complete layer coverage could reduce recoating forces. How-
ever, this requires a trade-off between process reliability and force
reduction, which was not investigated in the present study.

The observed pile growth effect is consistent with the DEM simula-
tions of Wang et al. and Chen et al. [6,10], who showed that force chains
form primarily in the powder pile ahead of the recoater.

4.5. Force chain interpretation of load cell signal fluctuations

Beyond the systematic effects of process parameters, the raw force-
time signals exhibit pronounced fluctuations that are visible
throughout the entire recoating step, as shown in Fig. 12. Wang et al. [9]
reported similar behavior in DEM simulations of roller-based powder
spreading, where occasional high-force events were observed and
attributed to the instability of the spreading process and to force
transmission through the powder pile rather than direct recoater-part
contact. These fluctuations are qualitatively consistent with the forma-
tion and collapse of force chains as described in the DEM literature,
where momentary load-bearing particle networks are repeatedly
assembled and disrupted as the recoater advances through the powder
pile. While the present macroscopic load cell measurements do not
resolve individual chain events, the persistent nature of these fluctua-
tions supports interpreting the macroscopic force trends within the
established force chain framework. Nevertheless, the oscillations of the
measuring system could interfere with the force chain events during the
measurement.

4.6. Limitations and transferability

The experiments in this study differ from the simulations and
experimental studies in literature in several respects. First, the sand
particles have a significantly higher mean diameter compared to typical
metal powders, and their grain shape is more irregular. Due to the larger
particle size, cohesion effects are negligible in this work, whereas they
play a significant role in fine metal powders.

Second, the powder application method differs. Often in commercial
printers and experimental setups powder is pre-applied at one end and
distributed across the build platform, causing the powder pile to
decrease during recoating. In the present experimental setup, powder is
uniformly applied and then smoothed, leading to pile growth. As a
consequence, segregation effects that are reported for metal AM are not
expected here, as only excess particles above the target layer height are
removed. The error bars in the measurements reflect the natural vari-
ability arising from individual differences in particle packing and
inherent stochasticity of granular flow under repeated recoating steps
[9,21].
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5. Summary and outlook

This work presents an experimental quantification of recoating
forces in sand binder jetting, for which experimental data has, to our
knowledge, not previously been reported in the literature. The mea-
surements characterize how blade angle, roller circumferential speed,
recoating velocity and the transition between unprinted and printed
areas affect both the tangential and normal force on the powder bed. The
resulting data complements existing DEM-based literature of force chain
frameworks with macroscopic experimental measurements and provides
a basis for the systematic study of process parameter effects in sand
binder jetting.

The recoating forces in sand binder jetting were investigated and
determined for various parameter combinations via an innovative setup.
The topic is motivated by the problem of layer displacement under un-
favorable process parameters. While extensive theoretical simulations
and some practical experiments were reported for metal PBF, this work
fills an apparent research gap: systematic investigations of recoating
forces in sand binder jetting. To the authors' knowledge, this work pi-
oneers an experimental approach to characterizing recoating forces in
sand binder jetting under varied process conditions.

With the aid of a specially developed measuring device with a 2-load-
cell-measuring cell system, tangential and normal forces were recorded
for various recoating parameters. Blade angles of 70°-92°, roller
circumferential speeds of 0 mm/s-500 mm/s, recoating velocity of 100
mm/s and 300 mm/s and a layer thickness of 280 ym were systemati-
cally investigated. GS14RP sand was used as the material. In addition,
the transition from unprinted to printed areas was investigated to
analyze different flow properties and the influence of printed parts.

Blade recoaters showed an influence on the tangential force due to
the movement effects of the powder pile. The optimum operating range
for blade recoaters is between blade angles 88° and 90°. The critical
operating range is at blade angles beyond 90°. The base force angle of
20° is achieved with blade recoaters at a blade angle of 90°. Rollers had a
stronger influence on the normal force, although the tangential force
also had a significant effect. Rollers also cause “trapping effects” in the
gap, which is why the roller circumferential speed plays a decisive role.
From a roller circumferential speed of 200 mm/s, the recoating forces no
longer decrease significantly, which may be linked to the relative speed.
Similar trapping effects occur at blade angles beyond 90°. In terms of
recoating velocity, blades have a lower influence than rollers. In the case
of rollers, the roller circumferential speed is again the decisive factor.

The force differences at transitions from unprinted to printed areas
show that the recoating forces could serve as quantitative indicators for
possible layer shifts. Especially at higher recoating velocities, blades
exhibit lower force differences, which could indicate a lower risk of
layer shifts. In the future, recoating forces should be correlated with
layer shifts using suitable methods, such as optical measurements and
quantitative classification of layer shifts. The applicability of the pro-
posed method must be validated.

Several aspects merit further investigation. The influence of the
powder pile size on recoating forces should be quantified, as varying the
powder supply would provide data on the relationship between pile
volume and force magnitude. Future work should correlate recoating
forces with actual layer displacement using suitable optical methods to
establish a quantitative relationship for the impact between force
magnitude and displacement distance. Additionally, the sensitivity of
the measurements to environmental conditions such as ambient hu-
midity should be systematically characterized, as experiments indicated
that such factors influence the results. The applicability of the proposed
measurement method must be validated across different sand types and
binder systems.
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