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Abstract

In hopper-based binder jetting 3D printing, a consistent powder dispensing rate from the
hopper to the powder bed is essential for reliable printing. This study investigates the
effects of adding a custom-built auto-stirrer to the hopper system on the consistency of
powder dispensing rate for the ExOne Innovent+ binder jetting 3D printer (Desktop Metal,
Burlington, MA, USA). The auto-stirrer incorporates rotating augers that actively agitate
the powder in the hopper. Working together with the ultrasonic vibrator, the auto-stirrer
facilitates consistent dispensing of powder through the hopper outlet. Experiments with
algae powder demonstrated that adding the auto stirrer reduced fluctuations in dispensing
rate by over 30% compared with the standard hopper. Statistical analysis confirmed that
these improvements were significant (at a significance level of 0.05). These results indicate
that integrating active mechanical agitation into hopper-based powder dispensing systems
could help to achieve more consistent powder dispensing rates in hopper-based binder
jetting 3D printing that uses cohesive powder feedstocks.

Keywords: additive manufacturing; binder jetting 3D printing; hopper; stirring; dispensing
rate; cohesive powder

1. Introduction
1.1. Powder Dispensing in Binder Jetting 3D Printing

Powder bed fusion additive manufacturing consists of several major process families,
including laser powder bed fusion (LPBF), electron beam powder bed fusion (EB-PBF),
and binder jetting 3D printing [1,2]. Each process fabricates parts layer by layer from a
powder bed but differs in how layers are consolidated. In LPBF and EB-PBE a laser or
electron beam selectively melts and fuses powder particles, which constrains compatible
feedstocks to principally metal powders with high flowability and particle morphologies
suitable for wiper or roller spreading [3,4]. Binder jetting 3D printing, by contrast, bonds
powder particles using a liquid binder rather than thermal fusion, enabling a broader range
of feedstock materials. These materials include metals, ceramics, and highly cohesive or
irregularly shaped powders that may be inaccessible to LPBF and EB-PBF.

Similar to the other powder bed fusion techniques mentioned previously, binder
jetting 3D printing can be used to produce geometrically complex parts with reduced
material waste and short lead times [5]. Several applications have been demonstrated
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across aerospace, automotive, biomedical, and energy sectors [6,7]. Layer by layer,
powder is added onto a build platform to prepare a layer of powder, then powder
particles in selected regions of the powder bed are subsequently bonded to create
three-dimensional parts [8].

There are mainly two types of powder dispensing methods used in binder jetting 3D
printing, piston-based method and hopper-based method. In the piston-based method, a
spreader (roller or blade) spreads powder deposited from a piston-lifted powder supply
platform onto the build platform [9,10]. This method can struggle with highly cohesive or
irregularly shaped powders that resist uniform spreading from the supply platform to the
build platform under the applied mechanical force of the spreader [11]. In the hopper-based
method, powder is dispensed directly onto the build platform and smoothed by a roller.

To form a powder bed in a hopper-based binder jetting 3D printer, the hopper, filled
with powder, traverses the build platform as a vibratory mechanism dispenses powder
through a screen attached to its bottom opening [12]. Although the hopper-based method
opens the door to highly cohesive powder materials potentially inaccessible to the piston-
based method, issues with powder dispensing rate consistency arise. Inconsistent powder
dispensing rates can cause variations in the density and surface uniformity of the powder
bed across the build platform, especially when the hopper does not dispense enough
powder to establish the full layer thickness across the powder bed. These variations can
ultimately impact the final part’s density, dimensional accuracy, and mechanical proper-
ties [13-15]. Various approaches have been reported to address the challenge of dispensing
rate consistency for highly cohesive powders in hopper-based dispensing systems, but no
single approach has demonstrated consistent effectiveness for binder jetting 3D printing.

1.2. Reported Approaches for Achieving Consistent Powder Dispensing Rate with Hopper-Based
Dispensing Systems and Issues That Arise with Cohesive Powders

Four approaches have been reported to address powder dispensing rate consistency
in hopper-based dispensing systems: vibrational assistance, particle surface modification,
environmental control, and mechanical agitation. While generally effective in promoting
consistent dispensing rates with nominally flowable powders, each approach presents
notable limitations when applied to highly cohesive powders.

Vibrational assistance is a widely used approach to improve powder dispensing
consistency in hopper-based systems where vibrations disrupt particle agglomerates and
reduce cohesive forces between powder particles [16,17], thereby promoting a consistent
powder dispensing rate [18]. However, vibrational assistance has limitations when applied
to highly cohesive powders. Primarily, ultrasonic energy may be insufficient to overcome
strong interparticle bonds in cohesive powders. As a result, flow interruptions such as
bridging (where powder particles form stable arches that block the hopper outlet) and
clogging (where powder accumulates and solidifies within the hopper, restricting powder
flow) can still occur, leading to inconsistent dispensing rates [19].

Particle surface modification involves adding flow aids, such as fumed silica or other
nano-additives, that coat the surfaces of feedstock powder particles [20]. These nano-scale
coatings act as spacers between host powder particles, reducing interparticle cohesion and
increasing flow properties [21-23]. However, the addition of flow aids may compromise
material purity by introducing foreign substances into the feedstock, making it unsuitable
for applications where material composition must remain unaltered [19]. In binder jetting
3D printing, maintaining powder chemical purity is generally critical to ensure the final
printed parts have proper compositions, regardless of powder feedstock cohesivity.

Environmental control focuses on managing the temperature and humidity surround-
ing the powder during pre-printing preparation and/or the printing process. Drying of
feedstock powder before printing at temperatures ranging from 80 to 200 °C removes
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moisture from the powder and reduces cohesive forces, improving powder flow charac-
teristics [24]. However, excessive drying can lead to flow irregularities due to electrostatic
charging [25]. Additionally, while drying can improve dispensing rate consistency, the max-
imum improvement achievable is limited by the powder feedstock’s inherent cohesivity in
its dried state.

Mechanical agitation through impellers or augers disrupts stagnant zones (regions
in a hopper where powder remains relatively stationary) and promotes more consistent
dispensing rates [26,27]. Although this approach does prevent stagnation in the bulk of a
hopper volume, cohesive powder feedstocks can still compact or bridge across the hopper’s
dispensing outlet, contributing to dispensing rate variation or complete flow stoppage [28].
Despite demonstrated effectiveness in other powder handling applications, mechanical
agitation remains underexplored as a strategy for enhancing dispensing rate consistency in
binder jetting 3D printing [29-31].

Furthermore, while vibrational assistance and mechanical agitation have been studied
as independent approaches for powder dispensing rate consistency enhancement, there
is limited reported research on the combination of vibrational assistance with mechanical
agitation in the context of hopper-based powder dispensing [17,32]. The potential effects of
combining these approaches have not been thoroughly investigated, particularly for highly
cohesive powders.

1.3. Gaps in Hopper-Based Powder Dispensing Rate Research

Several significant gaps remain in the literature regarding hopper-based powder dis-
pensing systems. Most reported studies focus on large-scale hoppers, often with capacities
exceeding 250 L and outlet diameters above 20-30 cm [18,33,34]. These large-scale hoppers
are used for agricultural or mining feedstocks [35-37]. Hoppers used in 3D printing typi-
cally operate with volumes below 5 L and outlet diameters of 100 pm to 5 mm [35,38,39].
Binder jetting 3D printers equipped with hoppers often dispense powder at rates down to
milligram-per-second range, achieving layer thicknesses as small as 20-100 pum [17,32,40].
The requirements of the binder jetting 3D printing process, including layer thickness con-
trol and consistent material dispensing, necessitate specialized mechanisms for consistent
powder dispensing. These kinds of specialized powder dispensing mechanisms have rarely
been reported in the literature [17,41].

1.4. Objectives of This Study

To the authors’ best knowledge, no reported study on binder jetting 3D printing has
systematically evaluated dispensing rate consistency for a hopper-based powder dispensing
system with integrated ultrasonic vibration and mechanical agitation. To address this gap,
this study investigates the effects of a hopper-based powder dispensing system equipped
with integrated ultrasonic vibration and mechanical agitation (auto-stirring) on dispensing
rate consistency in binder jetting 3D printing.

The remainder of this paper is organized as follows. Section 2 details the materials and
methods, including the design and operation of the auto-stir hopper system, characteristics
of the cohesive algae powder feedstock, and the procedures used for evaluating dispensing
rate consistency. Section 3 presents the results and discussion, focusing on the impact
of auto-stirring on dispensing rate consistency. Section 4 provides the conclusions and
suggests directions for future research.
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2. Materials and Methods
2.1. ExOne Innovent+ Binder Jetting 3D Printer and Its Ultrasonic Hopper Dispensing System

The binder jetting 3D printing process for the ExOne Innovent+ (Desktop Metal,
Burlington, MA, USA) consists of three primary steps, shown in Figure 1, repeated cyclically
to create three-dimensional objects layer by layer from a digital model.

Hopper carriage  Hopper Ultrsscinic
S/ oraer Printhead
Powder — Roller
Binder — ==
_________ CoL -
Bound
powder

Step 1 Step 2 Step 3

Figure 1. Illustration of the ultrasonic hopper-based binder jetting 3D printing process in three steps
(LT: layer thickness).

e  Step 1: The build platform lowers by the desired layer thickness (LT), creating space
for a new powder layer. The hopper carriage traverses from left to right across the
powder bed.

e  Step 2: The hopper carriage moves from right to left. An ultrasonic vibrator attached
to the hopper is activated to facilitate feedstock powder flow from the hopper onto the
powder bed. The hopper dispenses more powder than needed for a single layer, while a
roller spreads the powder bed, resulting in a new powder layer with the thickness of LT.

e  Step 3: A printhead, independent from the hopper carriage, deposits liquid binder onto
selected regions of the powder bed based on the digital model geometry. The binder
bonds the powder particles within those regions and penetrates below, adhering the
new layer of powder to the previously bound layers.

Steps 1-3 are repeated until the object is fully built, resulting in a finished printed part
that remains surrounded by loose, unbound powder in the powder bed. Typical binder
jetting 3D printing workflows involve further post-processing (such as curing, debinding,
and sintering) to strengthen the printed part [2]. These steps are outside the scope of this
study and are not discussed here.

The ExOne Innovent+ binder jetting 3D printer has an ultrasonic hopper dispensing
system to deliver powder to the build platform. Figure 2 shows multiple views of the
hopper components and assembly. The hopper is affixed to the top of the ultrasonic
generator with screws, and the screen is affixed to the bottom of the ultrasonic generator
with screws. A power supply is connected to the ultrasonic generator. Upon activation of
the ultrasonic generator, ultrasonic vibration enables feedstock powder to be dispensed
through the screen.
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(e) Top view: ultrasonic (g) Front view: hopper
generator (e1) and screen assembly

(a) Side view: hopper (c) Top view: hopper

(h) Hopper assembly
mounted into hopper
carriage (h1)

(f) Bottom view: Ultrasonic

(b) Bottom view: hopper (d) Front view: hopper generator and screen (f1)

Figure 2. Powder dispensing components of the ExOne Innovent+ binder jetting 3D printer.

2.2. Auto-Stirring Device for Hopper-Based Powder Dispensing Systems

A custom hopper incorporating automatic stirring (auto-stir) capability was designed
and fabricated for this study. Figure 3 presents several views of the computer-aided design
(CAD) assembly excluding electronic components, while Figure 4 shows the auto-stir
hopper installed in the Innovent+ binder jetting 3D printer.

(b) Cross section (XZ)

(a) Cross section (YZ) side view front view

(d) Cross section (YZ) isometric

(c) Isometric view .
view

Figure 3. CAD assembly of the auto-stir hopper.
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1. Arduino
microcontroller

2. Auto-stir hopper
body

3. Motor housing
4. Motor

5. Hopper carriage
6

Ultrasonic
generator

Battery pack
8. Screw auger
9. Printhead

10. Build platform

Figure 4. Views of the auto-stir hopper in the ExOne Innovent+ binder jetting 3D printer: (a) front
view, (b) isometric view, (c) top view, and (d) the full printer chamber.

2.2.1. Design and Fabrication of Auto-Stir Hopper Body

A three-dimensional model replicating the dimensional specifications of the ExOne
OEM hopper was created using SolidWorks 2024 student edition (Dassault Systémes,
Vélizy-Villacoublay, France). Two circular apertures (diameter = 20 mm) were designed
perpendicular to the hopper’s front and back faces along the Y-axis, positioned 40 mm
from the base. The hopper body was manufactured via fused deposition modeling (FDM)
using a CreatWare F430 3D printer (Henan Creatbot Technology Limited, Zhengzhou, HA,
China) with eSUN PLA+ filament (1.75 mm diameter, pink; Shenzhen eSUN Industrial Co.,
Ltd., Shenzhen, GD, China).

2.2.2. Design and Fabrication of Motor Housings and Screw Auger

Press-fit motor housings were designed to align concentrically with the apertures
described above. Each housing consisted of a cylindrical body (diameter = 37.6 mm,
length = 60 mm) integrated with a flat mounting plate (70 mm x 50 mm, oriented vertically).
Helical screw augers were designed so that the motor shafts could be inserted into the body
of the screw augers with a press-fit. Each auger, standing upright, measured 89 mm in
height with a cylindrical shaft diameter of 20 mm, flaring to 31 mm at the base. The helical
flight was generated by sweeping a rectangular profile (10 mm x 2 mm with 0.75 mm edge
fillets) along a clockwise helical path with a pitch of 20 mm, completing 3.75 revolutions.
Both motor housings and augers were manufactured using a Creality Ender-6 FDM printer
(Shenzhen Creality 3D Technology Co., Ltd., Shenzhen, GD, China) with PLA filament.

2.2.3. Integration of Hopper Assembly and Control System

Two motor housings were affixed to the hopper’s external vertical surfaces using
3M Command Poster Strips (3M Company, St. Paul, MN, USA). Two DC torque motors
(12 V, 20 RPM; Greartisan, Shenzhen, GD, China) were press-fitted into the housings,
and the screw augers were subsequently attached to the motor shafts. The motor control
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system consisted of an Arduino Uno R3 microcontroller (Arduino S.rl., Monza, Italy), an
L298N dual H-bridge motor driver module (WWZMDIiB, Shenzhen, GD, China), and a
12 V 2400 mAh rechargeable lithium-ion battery pack (Shenzhen KangBeiTe Electronics
Co., Ltd., Shenzhen, GD, China). These components were mounted to the hopper’s exterior
surface with Command Poster Strips. Electrical connections were established between
the Arduino digital output pins and the motor driver input terminals, with subsequent
connections from the motor driver output channels to the DC motors. The battery pack
provided electric power to both the motor driver and Arduino board.

The Arduino microcontroller was programmed to initiate continuous counter-rotation
of the screw augers upon power activation. Counter-rotation in this instance is defined
in such a way that, when viewed from the front of the hopper, the front auger (closer
to the observer) rotated clockwise while the rear auger rotated counterclockwise. This
counter-rotating configuration generated opposing flow fields that converged toward the
hopper’s center, producing shear-induced mixing of the powder in the auto-stir hopper.
The fully assembled auto-stir hopper installed into the Innovent+ binder jetting 3D printer
is shown in Figure 4.

2.3. Feedstock Powder

The feedstock powder used was spirulina blue-green algae, sourced commercially
(Carlyle Nutritionals, Melville, NY, USA). This algae powder served as a simulant of waste
algae powder from the algal biofuel production process [42]. The received powder was
sieved using a 250 pm sieve (ASTM No. 60) to break up agglomerates. No additives
were added to the algae powder. The feedstock powder used in this study was identical
to that characterized in the authors’ previous work on binder jetting 3D printing with
algae powder [43]. Table 1 outlines the flowability classification for powders by repose
angle and Hausner ratio while Table 2 provides the physical properties and flowability
metrics of the algae powder used in this study. Repose angle describes the angle formed
by a freely poured heap of powder on a horizontal surface, while the Hausner ratio is the
ratio of tapped to bulk density; both are commonly used indicators of powder flowability.
Table 3 provides flowability metrics for commonly used metal and ceramic powders used
for powder bed 3D printing.

Table 1. Classification of flowability by repose angle [44] and Hausner ratio [45].

Repose Angle Hausner Ratio Flowability Classification
20° < o < 30° 1.00-1.11 Very free flowing

30° < & < 38° 1.12-1.18 Free flowing

38° < o < 45° 1.19-1.25 Fair flow

45° < o < 55° 1.26-1.34 Cohesive

55° < ¢ < 70° 1.35-1.45 Very cohesive

Table 2. Physical properties and flowability of algae powder used in the study [43].

Property Value
Particle size distribution (um) D1y = 65, D5y = 100, Dgy = 190
Apparent density (g/cm?) 0.45
Repose angle (°) 56
Flowability classification Very cohesive
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Table 3. Summary of properties for commonly used metal and ceramic powders for powder 3D printing.

Material Property Value Reference
Dy =26.7
Particle size distribution (um) D5y =42.6
. Dgy = 64.0
316 L Stainless Steel [44]
Repose angle (Mean =+ Std) (°) 34242
Flowability classification Free flowing
Dyg=29.4
Particle size distribution (um) Dsg =79.1
Dyy = 187.
Aluminum % = 187.3 [44]
Repose angle (Mean =+ Std) (°) 36.8 + 1.5
Flowability classification Free flowing
Dy =80.7
Particle size distribution (um) Ds5p =295.1
Dyg =452.1
Titanium 90 =45 [44]
Repose angle (Mean =+ Std) (°) 449+ 1.6
Flowability classification Fair flow
Dyp =10.1
Particle size distribution (um) Ds5p =21.6
Alumina (spherical) Dso =39.0 [46]
Repose angle (Mean =+ Std) (°) 50.3 £ 0.6
Flowability classification Cohesive
Dy =134
Particle size distribution (um) Ds5p =23.8
Alumina (irregular) Dgo =419 [46]
Repose angle (Mean =+ Std) (°) 43.6 £ 1.8
Flowability classification Fair flow
Dy =422
Particle size distribution (um) Dsg =63.7
Dgy =93.2
Silicon Carbide Repose angle (Mean =+ Std) (°) Not available [47]
Hausner ratio 1.134
Flowability classification Free flowing

Field-emission scanning electron microscopy (SEM) revealed the powder particles
to be roughly spherical to ellipsoid-shaped, with relatively uniform geometry. SEM im-
ages of the algae powder used in this study are presented in a study by Khan et al.,
2024 [43]. Particle size analysis using a Horiba LA-960 particle size distribution analyzer
(Horiba, Ltd., Kyoto, Japan) revealed a gaussian distribution with D10, D50, and D90 values
of 65 um, 100 um, and 190 pm. A histogram of particle size distribution for the algae pow-
der used in this study can also be found in the study mentioned previously by Khan et al.,
2024 [43]. Flowability was evaluated by measuring apparent density and repose angle
using a Hall flowmeter (DF-1-02, HongTuo, Dongguan, GD, China) equipped with a Carney
funnel, yielding values of 0.45 g/cm> and 56°, respectively. Referring to the flowability
classification in Table 1, this indicated a “very cohesive” powder. Despite the relatively
high cohesiveness, prior experiments confirmed that the powder was suitable for use with
the ExOne Innovent+ printer [43].

2.4. Experimental Conditions
Three experimental conditions were used in this study:

e  Condition 1, “No Auto-Stir”: The ExOne Innovent+ OEM hopper was employed. This
hopper did not involve stirring of the powder.
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e Condition 2, “Auto-Stir Off”: The custom-built hopper was employed. The screw
augers remained inactive.

e Condition 3, “Auto-Stir On”: The custom-built hopper was employed. The screw
augers were active.

For all experiments conducted in this study, ultrasonic intensity of the ultrasonic
vibration generator was set at 100%. The ramping pattern was set to “linear” and ramping
speed was set to “normal”; detailed information on these parameters can be found in
the literature [12,48]. Ultrasonic intensity, ramping pattern, and ramping speed were set
based on preliminary trials which indicated these settings produced the most consistent
powder dispensing, consistent with prior work using the same system [12,43,49]. All
vibration parameters were then held constant throughout experimentation so that the effect
of mechanical agitation could be isolated as the sole independent variable. ExOne Innovent+
printers have several screen options with varying mesh opening sizes to accommodate
powders of different particle sizes. The V4 screen (circular mesh openings of 0.3 mm) was
selected for this study based on preliminary trials, in which it produced consistent flowing
of the powder from the hopper when the ultrasonic generator was active and reliably
ceased flowing of the powder when it was deactivated. The temperature of the printer
chamber was 23 °C £ 2 °C and the relative humidity was 35 & 5%.

Three independent trials (duplications) were performed for each condition in a ran-
domized order. In each trial, there was a series of cycles, each spanning 60 s. Each cycle
was divided into 12 intervals, each interval spanning 5 s. Figure 5 provides a graphical
overview of experimental design for this study.

[ 3 experimental conditions ]

. N
No Auto-Stir || Auto-Stir

\Auto—Stir Off On )

v

v

v

J

3 trials per condition

cycle

&
E- e00
N~

[Cycle 12 intervals per

J

Various number of
Trial cycles per trial
(until hopper stops

dispensing)

— e e e e - e - - = = = o= -

Figure 5. Graphical overview of experimental design for this study.
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2.5. Measurement Setup for Dispensing Rate

The printing process for the ExOne Innovent+ involves hopper movement across the
build platform during powder deposition. However, in this study, the hopper position
was fixed to measure powder dispensing rate. The ExOne Innovent+ system has a “drain
recoat” function that activates the ultrasonic generator while maintaining the hopper in a
fixed position away from the build platform. Using this function, powder can be dispensed
into a collection tray instead of being deposited on the build platform. Dispensing rate can
be calculated from the measured mass of dispensed powder within a given period of time.

The use of a fixed hopper position is justified on the basis that gravity-driven hopper
discharge rate is primarily governed by outlet geometry, powder properties, and gravi-
tational pressure head rather than the lateral velocity of the hopper carriage [50]. This
assumption is consistent with the approach taken by Wei et al., who characterized dispens-
ing behavior of the ExOne Innovent+ hopper system under fixed conditions and drew
conclusions applicable to the printing process [12]. The work by Wei et al. [12] establishes
methodological precedent for static characterization on this machine; however, it does
not constitute proof of physical equivalence between static and dynamic traverse condi-
tions. For cohesive powders, lateral acceleration during traverse could in principle induce
inertial compaction or asymmetric shear effects at the hopper outlet that are absent in a
fixed-position setup. These effects are acknowledged as a limitation of the present study
and are discussed further in Section 4.2.

Figure 6 shows the dispensing rate measurement setup. An Ohaus CS-5000 portable
digital scale (capacity 5000 g, readability 1 g; Ohaus Corporation, Parsippany, NJ, USA)
was placed directly beneath the hopper screen. The scale’s 1 g resolution introduces
quantization uncertainty into individual interval measurements, which is discussed as a
limitation of the experimental setup in this study in Section 4.2. A stainless steel collection
tray was set on the scale to measure the mass of dispensed powder. A smartphone (Apple
iPhone 13, 12 MP rear camera, 60 fps; Apple Inc., Cupertino, CA, USA) was used to capture
the video of the scale’s digital display readout. The video provided a time-stamped record
of cumulative mass throughout each dispensing cycle.

Hopper

Phone with

/ camera

Ultrasonic

Screen generator .~
Dispensed
powder
/ ’ Video of scale
Metal tra
y Scale measurements Phone stand

Figure 6. Illustration of the setup for measuring dispensing rate.
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For each trial, the hopper was loaded with 1000 g of algae powder, the phone was
mounted, the video recording was started, and the printer chamber door was closed. The
drain recoat function was then executed for 60 s. When the dispensing cycle ended, the
printer chamber door was opened to stop and restart the video recording on the phone.
Then, the door was closed, and the drain recoat function was executed. These 60 s cycles
were repeated until powder dispensing visibly ceased. If powder dispensing ceased before
the completion of a drain recoat dispensing cycle, then the collected dispensing rate data
for the cycle was not considered in analysis. The resulting series of 60 s videos constituted
the data set used for dispensing rate analysis.

2.6. Measurement of Dispensing Rate Consistency

Each cycle (60 s long) was divided into 12 five-second intervals (At = 5s). For
each interval identified by i, the mass dispensed (Am;) was computed by subtracting the
cumulative mass recorded at the start of the interval from the cumulative mass recorded
at the end of the interval. The dispensing rate for each interval was calculated using

Equation (1): A
. m;
mj = Atl 1)

To quantify dispensing rate consistency within a cycle, the standard deviation of the

interval dispensing rates within each cycle (O'ml) was calculated using Equation (2):

— 1Y
m:NZmi (3)

with N = 12 number of intervals in a cycle.

Smaller deviation within a cycle (i.e., lower value of 0,; ) indicates that powder dis-
pensing rate was more consistent within a cycle. It measures the dispensing rate consistency
between 12 intervals (each being five seconds long) within a cycle, revealing the short-term
variability of dispensing rate.

To evaluate the long-term variability of dispensing rate, or the within-trial dispensing
rate consistency, the pointwise deviation of dispensing rate for each interval was calculated
using Equation (4):

Pointwise deviation = ‘m',- — Mgl

(4)
where Tntriul is the mean of all the interval dispensing rates within a trial.

3. Results
3.1. Within-Cycle Dispensing Rate Consistency

Figure 7 compares within-cycle dispensing rate consistency among the three exper-
imental conditions using boxplots. In the boxplot, each dot represents a single cycle’s
within-cycle standard deviation value, quantifying the short-term dispensing rate vari-
ability for that specific 60 s dispensing cycle. The location (central tendency) of the data
is indicated by the thick horizontal median line in the middle of the box. The spread
(dispersion) of the data is shown by multiple parameters: the box itself spans from the first
quartile (Q1, the 25th percentile) to the third quartile (Q3, the 75th percentile), representing
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the interquartile range (IQR) where the middle 50% of the data resides. The vertical whisker
lines extend from the box to the minimum and maximum values within 1.5 x IQR from the
quartiles, while dots appearing beyond the whiskers represent outliers.

3
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Figure 7. Comparison of within-cycle dispensing rate consistency among three experimental conditions.

The boxplot visually relays differences in both the location and spread of within-
cycle standard deviation values among the three conditions. The median value for the
“ Auto-Stir On” condition (0.350 g/s) is smaller than those of the “No Auto-Stir” condition
(0.463 g/s) and “Auto-Stir Off” condition (0.469 g/s). The “No Auto-Stir” condition has the
widest spread and longest whiskers on either end, demonstrating the largest variance for
within-cycle dispensing rate. The spread of the “Auto-Stir Off” condition is the tightest, yet
the third quartile of the “Auto-Stir On” condition is below the median of the “Auto-Stir
Off” condition. Although the IOR for the “Auto-Stir Off” condition is tighter than the
“ Auto-Stir On” condition, the location of the data for the “Auto-Stir On” condition is closer
to zero. Additionally, the “Auto-Stir Off” condition displays multiple outliers beyond the
upper whisker, visually emphasizing the presence of occasional cycles with particularly
large fluctuations in dispensing rate. The “Auto-Stir On” condition does not exhibit
outlier points.

Mean and standard deviation values of all the data for within-cycle deviation from
three trials under each condition were calculated and included in Table 4. These statistics
reveal the same trends as shown by the boxplots.
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Table 4. Mean and standard deviation values of within-cycle dispensing rate consistency.
Condition Mean (g/s) Standard Deviation (g/s)
No Auto-Stir 0.542 0.435
Auto-Stir Off 0.521 0.233
Auto-Stir On 0.364 0.159

The data from the “Auto-Stir On” condition had the lowest mean standard deviation
value (0.364 g/s), while the data from the “No Auto-Stir” and “Auto-Stir Off” conditions
had similar mean standard deviation values (0.542 g/s and 0.521 g/s, respectively). In
terms of short-term dispensing rate consistency, the “Auto-Stir On” condition increased
the within-cycle dispensing rate consistency by 33% compared with the “No Auto-Stir”
condition and 30% compared with the “Auto-Stir Off” condition. Additionally, the data
from the “Auto-Stir On” condition showed the lowest variability (standard deviation of
within-cycle deviation values), with a standard deviation value of 0.159 g/s. The variability
of the data from the “No Auto-Stir” and “Auto-Stir Off” conditions was higher, with
standard deviation values of 0.435 g/s and 0.233 g/s, respectively.

Tukey’s honestly significant difference post hoc test was performed on all pairwise
comparisons (Table 5). The results reveal that the “Auto-Stir On” condition produced
significantly lower within-cycle variability compared with the “No Auto-Stir” condition
(p = 0.046), indicating that active mechanical agitation enhances short-term dispensing rate
consistency at the significance level of « = 0.05. The difference between the “Auto-Stir
Off” condition and the “Auto-Stir On” condition was not statistically significant at the
significance level of & = 0.05 (because p = 0.088) but would be statistically significant at
a marginal significance level (such as o« = 0.10). The “No Auto-Stir” condition and the
“ Auto-Stir Oft” condition showed no significant difference (p = 0.958), indicating that the
mere presence of inactive augers within the hopper does not alter dispensing behavior.

Table 5. p-Values from Tukey’s honestly significant difference test for within-cycle dispensing
rate consistency.

Configuration Comparison p-Value
No Auto-Stir vs. Auto-Stir Off 0.958
Auto-Stir Off vs. Auto-Stir On 0.088
No Auto-Stir vs. Auto-Stir On 0.046

3.2. Within-Trial Dispensing Rate Consistency

Figure 8 presents a boxplot of within-trial dispensing rate consistency by experimental
condition. In this visualization, each dot represents a single five-second interval’s pointwise
deviation value calculated using Equation (4), quantifying how far that specific interval’s
dispensing rate deviates from the overall trial mean dispensing rate. The boxplot elements
(median, quartiles, IQR, whiskers, and outliers) are interpreted using the same conventions
described in Section 3.1. Mean and standard deviation values for within-trial deviation
data were also calculated; the values are provided in Table 6.

The boxplot shows differences in both the location and spread of pointwise deviation
values among the three conditions. The median value for the “Auto-Stir On” condition
(0.155 g/s) is closer to zero than those of the “No Auto-Stir” (0.282 g/s) and “Auto-Stir Off”
(0.338 g/s) conditions. The “Auto-Stir On” condition exhibits the most compact distribution,
with the shortest IQR indicating that interval dispensing rates consistently remain close to
the trial median. In contrast, the “No Auto-Stir” and “Auto-Stir Off” conditions display
taller boxes and more widely distributed data points, reflecting greater long-term variability
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in dispensing rate consistency. This pattern demonstrates that active mechanical agitation
not only reduces the magnitude of deviations but also constrains the range of variability
across extended dispensing operations.

Pointwise deviation of dispensing rates within-trial (g/s)
w
:'!:‘Q@i) O ©o

No Auto-Stir Auto-Stir Off Auto-Stir On

Condition

Figure 8. Boxplot of within-trial dispensing rate consistency by experimental condition.

Table 6. Mean and standard deviation of within-trial dispensing rate.

Condition Mean (g/s) Standard Deviation (g/s)
No Auto-Stir 0.405 0.500
Auto-Stir Off 0.399 0.380
Auto-Stir On 0.274 0.255

The “Auto-Stir On” condition had the lowest mean pointwise deviation value at
0.274 g /s, while “No Auto-Stir” and “Auto-Stir Off” had mean pointwise deviation values
of 0.405 g/s and 0.399 g/s, respectively. In terms of long-term dispensing rate consistency
enhancement, “Auto-Stir On” increased the within-trial dispensing rate consistency by 32%
compared to “No Auto-Stir” and 31% compared to “Auto-Stir Off”. The “Auto-Stir On”
condition had the lowest variability, with a standard deviation of pointwise deviation of
0.255 g/s. The variability of “No Auto-Stir” and “Auto-Stir Off” was higher, with values of
0.500 g/s and 0.380 g/s.
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Tukey’s honestly significant difference (HSD) post hoc test was performed on all
pairwise comparisons (Table 7). The results reveal that the “Auto-Stir On” condition
produced significantly lower within-trial variability compared with both the “No Auto-
Stir” condition (p = 0.001) and the “Auto-Stir Off” condition (p = 0.002), indicating that
active mechanical agitation substantially enhances long-term dispensing rate consistency
at the significance level of o = 0.05. The “No Auto-Stir” condition and the “Auto-Stir Off”
condition showed no significant difference (p = 0.984), consistent with the within-cycle
findings and further confirming that the mere presence of inactive augers within the hopper
does not alter dispensing behavior. The stronger statistical significance observed in the
within-trial framework compared to within-cycle comparisons suggests that mechanical
agitation’s impact on dispensing consistency is more substantial for long-term operation
than for short-term fluctuations.

Table 7. p-Values from Tukey’s honestly significant difference for within-trial dispensing rate consistency.

Configuration Comparison p-Value
No Auto-Stir vs. Auto-Stir Off 0.984
Auto-Stir Off vs. Auto-Stir On 0.002
No Auto-Stir vs. Auto-Stir On 0.001

4. Discussion
4.1. Mechanistic Interpretation of Dispensing Rate Consistency Improvement

Several common issues contributing to inconsistent powder dispensing in hopper-
based dispensing systems have been identified in the literature [34]. Arching or bridging
phenomena, where stable powder structures form across hopper outlets, can completely
halt powder flow and require external intervention [33,51]. Ratholing, where powder
flows preferentially through central channels, can lead to stagnant zones and inconsistent
discharge rates [52,53]. Irregular flow is characterized by inconsistent discharge rates due to
factors such as fluctuations in powder cohesion, particle properties, moisture, or non-ideal
hopper geometry, resulting in unpredictable and inconsistent flow events [35]. Segregation,
the tendency of powder components with different size, shape, or density to separate
during hopper filling or discharge, often arises in funnel flow hoppers and can produce
significant disparities in composition and product uniformity at the outlet [54]. These
issues are exacerbated by the relatively small outlet dimensions typically employed in
hopper-based binder jetting 3D printers [38,55]. The results of this study suggest that active
mechanical agitation can mitigate phenomena that contribute to inconsistent dispensing
rates, such as arching, ratholing, and irregular flow. However, the continuous application
of shear forces may amplify segregation tendencies, and further investigation is needed to
confirm these relationships.

The observed improvement in dispensing rate consistency with the “ Auto-Stir ON”
condition can be attributed to several mechanistic factors related to the processing of
cohesive powders. The counter-rotating screw augers generate opposing flow fields that
converge toward the hopper center, creating continuous shear-induced mixing within
the powder bed. This agitation disrupts the formation of stable powder structures that
commonly develop in cohesive materials [33,51-53].

Within-cycle boxplots (Figure 7) show that the “Auto-Stir Off” condition has a slightly
tighter IQR than “Auto-Stir On,” but a higher median deviation and more high-magnitude
outliers. This pattern may support the notion that inactive augers modify the internal
flow paths of the feedstock powder inside the hopper, constraining lateral powder move-
ment without reducing the typical deviation from the mean dispensing rate. As a result,
fluctuations appear somewhat compressed while intermittent large deviations still occur.
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The algae powder employed in this study exhibited “very cohesive” flow charac-
teristics. Under static conditions, such powders tend to form preferential flow channels
and stagnant zones that contribute to inconsistent dispensing rates. The mechanical agita-
tion provided by the auto-stir system continuously disrupts these structures, promoting
more uniform powder movement toward the hopper outlet. The absence of significant
improvement in the “Auto-Stir Off” scenario, despite otherwise identical geometry, further
isolates the mechanism: it is the mechanical action of agitation, not merely the presence
of additional hardware or alternate mass distribution, that delivers enhanced dispensing
rate consistency.

4.2. Limitations of the Study

This section discusses key limitations of the experimental design and measurement
methodology that contextualize the findings reported above. It should be noted that the
ultrasonic generator was active for all three experimental conditions. Ultrasonic vibration is
a functional requirement of the ExOne Innovent+ hopper dispensing mechanism, without
which powder does not flow through the screen. Thus, it is not a controllable independent
variable in this system. A vibration-off condition is therefore physically impractical and
was not included. Consequently, the effects observed in this study reflect the contribution
of mechanical agitation beyond what ultrasonic vibration alone provides, rather than the
isolated effect of mechanical agitation in the absence of vibration. A related limitation
concerns the use of a fixed hopper position during dispensing rate measurement. While
static testing is reasonable based on the gravity-driven discharge theory and is consistent
with prior work on this printer, the static setup does not capture potential traverse-induced
effects such as inertial compaction or asymmetric shear at the hopper outlet that may arise
during actual printing. Whether these dynamic effects alter the relative performance of the
auto-stir system compared to the standard hopper remains an open question that future
work should address through dynamic traverse testing.

Another limitation of this study concerns the resolution of the measurement instru-
ment. The Ohaus CS-5000 scale, with a resolution of 1 g, was used to measure dispensed
mass over 5 s intervals. Given the measured dispensing rates of approximately 0.3-0.5 g/,
each interval yielded approximately 1.5-2.5 g of powder. At 1 g resolution, a relative
quantization uncertainty of approximately 40-65% per interval was introduced. This quan-
tization uncertainty could have inflated the apparent within-cycle and within-trial standard
deviation values across all conditions. However, because the same instrument and interval
duration were applied across all three experimental conditions, any systematic bias intro-
duced by the measurement resolution affected all conditions. It should also be noted that
the Tukey HSD test was not applied to individual interval dispensing rates directly, but
to within-cycle standard deviations derived from 12 aggregated interval measurements
per cycle, and to within-trial pointwise deviations aggregated across all intervals in a trial.
Aggregating over multiple intervals substantially reduces the influence of single-interval
quantization error on the summary statistics used in the statistical tests. Because quanti-
zation noise is random and symmetric, any resulting inflation of variance affects all three
conditions approximately equally, making the statistical tests conservative. The within-trial
Tukey HSD results (No Auto-Stir vs. Auto-Stir On: p = 0.001; Auto-Stir Off vs. Auto-Stir On:
p = 0.002), based on a substantially larger number of observations, corroborate the results
from within-cycle data (p = 0.046). The convergence of both within-cycle and within-trial
data on the same directional finding provides a certain level of confidence in the drawn
conclusions. Future work should employ a higher resolution scale (e.g., 0.1 g or 0.01 g
resolution) or longer measurement intervals to reduce relative quantization uncertainty.
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A further limitation concerns the environmental conditioning of the feedstock powder
prior to testing. While the printer chamber temperature (23 °C £ 2 °C) and relative humidity
(35 £ 5%) were monitored and reported, and the algae powder was stored consistently in a
controlled laboratory environment between trials, no formal powder equilibration protocol
was employed. Additionally, moisture content was not independently measured via Karl
Fischer titration [56] or loss-on-drying [57]. For highly cohesive powders such as the algae
powder used in this study, residual moisture and triboelectric charge state are known
to influence interparticle cohesive forces and, consequently, flow behavior. The absence
of a controlled equilibration period means that inter-trial variability in powder moisture
state may have contributed to the observed variability in dispensing rate across trials.
Similarly, no explicit static charge dissipation protocol was applied between trials, which
may have introduced additional variability given the susceptibility of cohesive powders
to triboelectric charging. To block these effects, a randomized order of experimental trials
was employed. Doing so could distribute any time-dependent drift in powder moisture
or triboelectric state across all three conditions, reducing the likelihood of systematic
bias. The absence of a statistically significant difference between the No Auto-Stir and
Auto-Stir Off conditions (p = 0.958 within-cycle; p = 0.984 within-trial) provides indirect
evidence that inter-trial variability in powder state did not systematically confound the
observed effect of active mechanical agitation. However, future work should incorporate a
standardized powder equilibration period, moisture content verification, and anti-static
measures prior to each trial to improve reproducibility and enable more direct comparison
across experimental conditions.

4.3. Practical Engineering Implications and Future Work

The auto-stir system in this study was evaluated using only algae powder. Future work
should systematically test a variety of feedstock powders, spanning a range of flowability
classifications. Based on the flowability data presented in Table 3, metal powders commonly
used in binder jetting 3D printing, which exhibit free-flowing characteristics with repose
angles below 40°, do not require the mechanical agitation applied to the highly cohesive
algae powder used in this study. However, ceramic powders with cohesive or fair-flow
classifications, such as spherical alumina (repose angle ~50°), would be expected to show
meaningful improvement in dispensing rate consistency with active auto-stirring agitation,
though this remains to be experimentally verified.

Practically, the modular design of the auto-stir hopper, which preserves the OEM
hopper envelope, suggests that active mechanical agitation can be retrofitted to existing
hopper-based binder jetting systems with minimal modification. The absence of a signifi-
cant difference between the “No Auto-Stir” and “Auto-Stir Off” conditions indicates that
performance gains arise from active agitation rather than geometric changes, identifying
agitation as a design improvement for future hopper systems. Subsequent studies should
link dispensing rate consistency more directly to printed part outcomes, including layer
density uniformity, dimensional accuracy, and mechanical properties. Additional attention
could also be directed toward the characterization of powder flow dynamics on the particle
level, as this study did not investigate shear flow mechanics.

5. Conclusions

This study evaluated the effects of a custom-built auto-stir hopper on powder dispens-
ing rate consistency in hopper-based binder jetting 3D printing using very cohesive algae
powder. Based on the results, the following conclusions were drawn:

e  The auto-stir hopper with active mechanical agitation (“Auto-Stir On”), in addition
to ultrasonic vibration, reduced within-cycle standard deviation of dispensing rate
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by about one-third relative to the OEM hopper (“No Auto-Stir”), indicating more
consistent dispensing rates short-term.

e  Analysis of within-trial pointwise deviations showed a reduction in long-term dispens-
ing rate variability under the “Auto-Stir On” condition, indicating more consistent
dispensing rates long-term.

e A Tukey post hoc test revealed that the “Auto-Stir On” condition significantly im-
proved dispensing rate consistency compared with the “No Auto-Stir” condition
at the 0.05 significance level both short-term (p = 0.046) and long-term (p = 0.001).
The “Auto-Stir Off” condition showed no significant difference from “No Auto-Stir”
(p > 0.95) in both within-cycle and within-trial cases, isolating mechanical agitation as
the key factor driving the enhancement of dispensing rate consistency.

o  These findings were derived from experiments using a cohesive organic powder (algae
with a repose angle of 56°) and may not be directly applicable to free-flowing metal or
ceramic feedstocks without additional experimental validation.

The results indicate that the combination of ultrasonic vibration and mechanical
agitation can be effective in enhancing powder dispensing rate consistency in hopper-based
binder jetting printers. Future work should evaluate this approach with additional powder
types and directly link improved dispensing rate consistency to printed part quality such
as density, dimensional accuracy, and mechanical properties.
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