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Abstract: This study investigates rheological and extrusion behavior of thermosetting epoxy resins. The purpose is to find

the universal property and printing parameters for extrusion based rapid prototyping applications. The thickener pro-

portion greatly influences its viscosity and rheological behavior and therefore plays an important role in the shape of the

cross-section of the extrudate. In addition to the effects of the rheological behavior of the composite, shape maintenance

and its wettability on the substrate, the cross-sectional geometry of the extrudate is also strongly affected by printing pro-

cess parameters including the extrusion nozzle height, nozzle moving speed, extrusion rate, and critical nozzle height.

Proper combinations of these process parameters are necessary in order to obtain single line extrudates with plump cross-

sections and 3D objects with dimensional accuracy, uniform wall thickness, good wall uprightness, and no wall slumping.

Formulas and procedures for determining these extrusion parameters are proposed and demonstrated in experiments. 

Keywords: epoxy resins, rheological behavior, printable behavior, 3D printing, extrusion parameters.

Introduction

Direct extrusion fabrication (DEF), a new branch of solid

freeform fabrication (SFF),1 is an automated fabricating pro-

cess that builds 3D complex-shaped structures layer-by-layer

directly from CAD files without part-specific tooling, heating

and human intervention. The development in DEF has offered

opportunities to manufacture complex-geometry components

and systems with highly integrated and multi-functions that

could not be easily fabricated using conventional approaches.2-11

With the rapid development of new materials, the advantage of

DEF is increasingly obvious day by day. Theoretically, DEF

could use any pasty and gel-like composite material with addi-

tions, which don’t change its shape maintenance to fabricate. 

Thermosetting epoxy resin based composites have been

widely used in many fields because of its good mechanical

properties and chemical stability. At present, it is a trend that

more and more metal structures have been replaced by poly-

mer. These materials exhibit Young’s modulus values that are

an order of magnitude higher than those obtained by ther-

moplastics and photocurable resins developed for commercial

3D printing methods, while retaining comparable strength.

One of the key issues in the DEF process is to extrude mate-

rials to the desired location precisely with controlled shape. In

the case of routing lines, rectangular cross-section with a 90o

contact angle is desired so that voids between the lines routed

can be prevented or minimized. Furthermore, the routed pastes

lines should be sufficiently fine (ranging from 0.2 to 1.0 mm).

And one of the most basic requirements of the composites

materials is shape maintenance, which can be satisfied by

proper rheological behavior.12-14

Currently, there are two general methods for preparing the

epoxy based composites (EBC) for DEF. One is to prepare

aqueous EBC without addition of binders and to control the

cross-sectional geometry of the extrudate by adjusting the pH

value, salt concentration, and volume fraction of solid in the
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epoxy.3,17-20 The second method requires the use of polymers or

resins as the binder in order to maintain the shape of the extru-

date.15,16 Using fine Al2O3 powder, Cesarano et al.17 have

shown that when an EBC is pseudoplastic and drying rates are

appropriate, the lines extruded yield nearly rectangular cross-

sections with relatively straight walls and flattened tops. The

EBC formulation and particle size have also been shown by

Du et al.21 to have strong effects on the extrudability of thin

wall tubes and their thickness and uniformity.

Although the effects of rheological behavior of the EBC on

the cross-sectional geometry of the extrudate have been stud-

ied by several researchers,3,17-20 the dependency of the shape

maintenance and rheology behavior on materials preparation

and extrusion parameters has not been systematically inves-

tigated. This is especially the case for micro-extrusion with the

line width of the extrudate <1 mm. To address this issue, the

effects of extrusion parameters on the cross-sectional geometry

of the extrudate in conjunction with the effects of rheological

behavior of EBC have been investigated in this study. Such a

study is of not only scientific interest but also technological

importance because nozzles with an opening smaller than

1 mm are normally circular in shape and it is important to find

out how to achieve extrudates with a near-rectangular cross-

section using circular nozzles. In this study, alginate with EBC

binders are used because the EBC without addition of binders

are not desirable in order to satisfy the requirement of the

forming of EBC. The extrusion parameters investigated include

the nozzle height of the extruder, nozzle moving speed, extru-

sion rate, and critical nozzle height. The rheology behavior of

materials contains shear yield strength, storage modulus, loss

modulus. These parameters have been investigated because all

of them are experimental variables and can be adjusted inde-

pendently to achieve the desired.

Experimental

We first prepared the EBC that embody the essential rhe-

ological properties required for our 3D printing method.

Unlike prior printing material designs that undergo solidifi-

cation via gelation, drying, or on-the-fly photopolymeriza-

tion,21-24 epoxy resins are reactive materials that initially exhibit

a low viscosity, which rises over time as the reaction proceeds

under ambient conditions. Moreover, these EBC ultimately

require thermal curing at elevated temperatures (100-220 oC)

for several hours to complete the polymerization process. We

developed epoxy-based EBC that exhibited the desired vis-

coelasticity and long pot-life in the absence and presence of

highly anisotropic fillers. Specifically, we formulated the base

epoxy EBC using an epoxy resin (Epon 826 epoxy resin, Jia-

weida Biotechnology Inc.) with appropriate amounts of

dimethyl methyl phosphonate (DMMP, Sigma Aldrich, St.

Louis, MO), alginates powders (Jiaweida Biotechnology Inc.,

100 nm dominant), using a Thinky Planetary Centrifugal

Mixer (Thinky USA, Inc., Laguna Hills, CA) in a 125 mL

glass container using a custom adaptor. An imidazole-based

ionic liquid is employed as a latent curing agent (Basionics

VS03, BASF Intermediates, Ludwigshafen, Germany). The

alginates primarily serve as a rheology modifier that imparts

both shear thinning behavior and a shear yield stress to the

uncured EBC, while DMMP serves to reduce the initial vis-

cosity of the resin to allow higher solids loading. Both of these

additives may also enhance the mechanical properties of the

cured epoxy matrix.25,26 

The EBC batches started with 30 g of Epon 826 resin. 3 g of

DMMP are added, followed by 10 min of mixing in the

Thinky mixer. Next, alginates were added in 22.5 g incre-

ments. After adding each constituent to the EBC, it is mixed

for 13-15 min in the Thinky mixer. Finally, the EBC was

allowed to cool to room temperature prior to the addition of the

curing agent, Basionics VS03, at 5 wt% of the total epoxy

resin added. After the addition of the curing agent, the EBC

was mixed for additional 13 min.

The EBC were loaded into a 50 mL-extruder and centri-

fuged at 3600 rpm for 10 min to remove bubbles. Loaded

extruder was then mounted in a turbine worm drive reducer

(reduction ratio of 7.25:1), which was placed on an extrusion

type 3D printer (designed and constructed at the National Uni-

versity of Defense Technology). The EBC was driven elec-

trically and controlled via a planetary reduction step motor and

TB6600 controller (Yixing Inc.). The EBC was extruded onto

the temperature auto-controlled platform with a nozzle of cir-

cular shape 800 µm in diameter. Print paths for each geometry

was written as parameterized g-code scripts and designed to

maximize continuity within each printed layer. Printed parts

were pre-cured at 100 oC for 15 h, cooled, removed from the

substrate, and cured for 2 h at 220 oC.

The EBC was extruded using an extrusion type 3D printer

designed and constructed at the National University of Defense

Technology. The machine consists of three major components:

(i) the reducer that have a reduction ratio of 7.25:1, (ii) The tur-

bine worm drive micro-extruders for EBC, (iii) an X-Y-Z posi-

tioning system. The pressure exerted on the EBC within the
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micro-extruder was applied via motor with a nozzle of circular

shape 800 µm in diameter. The motion and position control

were provided by a computer through a Galil DMC-1800

multi-axis motion control card. Rheological properties of the

EBC were characterized using a HAAKE MARS III rhe-

ometer (TA Instruments, New Castle, DE) with a pp25 flat

plate geometry and a gap of 500 µm for the EBC with different

proportion of alginates. The cross-section geometry was eval-

uated by the line width and height of the extrudate and its con-

tact angle with the substrate. To measure these geometrical

parameters, the lines extruded were encapsulated using pure

epoxy before cutting and polishing after which these param-

eters were observed and measured using an optical micro-

scope. 

Results and Discussion

Rheological Behavior of EBC. The rheological behaviors

of EBC of varying composition are shown in Figure 1 and Fig-

ure 2. The pure epoxy exhibits a viscosity (η) of ~2 Pa·s that

is independent of shear rate (Figure 1). As a consequence, the

shear storage modulus (G′) of this base epoxy is lower than its

loss modulus (G″), and both moduli are independent of applied

shear stress (Figure 2). While the base epoxy readily flows

through nozzles under modest pressures, it immediately wets

and spreads upon exiting the nozzle and lacks the ability to

support itself. The addition of alginate transforms the epoxy

into a viscoelastic fluid. The resulting material, referred to as

the EBC (30 wt% alginate), possesses a η that close to 105 Pa·s

at low shear rates (~0.01 s-1) that is five orders of magnitude

higher than the base epoxy. Due to its shear thinning behavior,

this EBC exhibits an apparent viscosity of ~103 Pa·s at shear

rates (~50 s-1) typically experienced during printing. Hence, the

EBC viscosity is only less than three orders of magnitude

higher than that of the epoxy alone under relevant printing con-

ditions. The EBC (10 wt% alginate) exhibits a plateau value of

G′ ~321 Pa that exceeds G″ by about 80 Pa at low stress. At

the crossover point between the two moduli curves, its shear

yield stress (τy) is ~3.2 Pa. Upon adding 20 wt% alginate to the

base epoxy, the viscosity increases to more than double mag-

nitude at a given shear rate without altering its shear thinning

behavior. At the characteristic shear rate of 50 s-1, the viscosity

of the EBC (20 wt% alginate) is ~70 Pa·s. And the EBC

(20 wt% alginate) exhibits a plateau value of G′ ~2021 Pa that

is more than twice as large as G″ at low stress. At the crossover

point between the two moduli curves, its shear yield stress (τy)

is ~34 Pa. Then, adding 30 wt% alginate to the base epoxy, at

the shear rate of 50 s-1, the viscosity is ~914 Pa·s, the EBC

(30 wt% alginate) exhibits a plateau value of G′ ~10244 Pa

that exceeds G″ by about one order of magnitude at low stress.

At the crossover point between the two moduli curves, its

shear yield stress (τy) is ~3017 Pa.

Finally, the addition of more than 30 wt% alginate to the

base epoxy has little effect on either the viscosity or degree of

shear thinning. Due to their high stiffness and yield stress,

these materials are ideally suited for 3D printing of cellular

composites. Figure 3 compares the contact angle of the extru-

dates with the addition of alginate values equal to 10, 20, and

30 wt%. At 10 wt%, the EBC is very stable with a low vis-

cosity. As a result, the EBC flows continuously after it leaves

Figure 1. Plot of viscosity as a function of shear rate.

Figure 2. Log-log plot of shear storage and loss moduli as a func-

tion of shear stress for epoxy-based materials of varying composi-

tion.



Rheological and Printable Behavior of Epoxy Resin - Based Materials for Extrusion 3D Printing Applications 877

 Polymer(Korea), Vol. 41, No. 5, 2017

the nozzle and thus takes on an arch shape with a low contact

angle of 30o. At 20 wt%, the viscosity of the EBC increases

and thus the EBC spreads out less on the surface of the sub-

strate, resulting in an increased contact angle of 60o. At

30 wt%, the EBC becomes pseudoplastic. As a result, the con-

tact angle of the extrudate with the substrate increases to 90o,

clearly indicating nearly no spreading after the EBC leaves the

nozzle of the extruder.

Figure 4 compares the cross-sectional geometry of the extru-

dates with mass fraction of alginate equal to 10, 20, and

30 wt%. With a contact angle near 90o, the cross-section of the

extrudate is approaching a rectangular shape which is highly

suitable for fabrication of 3D objects through layer-by-layer

approaches.

Effects of the Nozzle Height on the Cross-sectional

Geometry of Extrudates. The nozzle height, which is

defined as the distance between the nozzle tip of the extruder

and the substrate, greatly influences the cross-sectional geom-

etry of the extrudate. The distance between the nozzle and the

substrate will limit the space within which the EBC can flow.

For a given set of the extrusion rate, nozzle diameter and noz-

zle moving speed, there is an optimal nozzle height (ho, mm).

When the nozzle height is smaller than ho, the volume of EBC

extruded will be too large for the space between the nozzle and

the substrate. As a result, the EBC is forced to spread in the

directions perpendicular to the deposited line, and the resultant

shape of the extrudate is not only determined by the rheo-

logical properties and wettability of the EBC, but also by the

nozzle height. In contrast, when the nozzle height is larger than

ho, there is enough space for the deposited EBC so that the

cross-sectional geometry of the extrudate is only dictated by

the rheological properties and wettability of the EBC. How-

ever, in the process of 3D printing, large nozzle height will

reduce the accuracy of printing. When the printing paths are

circular arcs, the radius of deposited path will be smaller than

that of the nozzle path, which is called arc effect. Our exper-

iments indicate that the critical nozzle height can be estimated

using the following eq. (1):

(1)

where, Ve is the volume of the EBC extruded per unit time

(called the extrusion rate, mm3/s), Dn is the nozzle diameter

(mm), and vn is the nozzle moving speed with respect to the

substrate (mm/s). α is a proportional coefficient (0<α<1),

which is related to the EBC’s rheological characteristics. The

physical meaning of eq. (1) is that the volume of the EBC

extruded per unit time is equal to the volume available per unit

time between the nozzle and the substrate (considering rhe-

ological behavior of EBC, α is introduced to revise the model).

When the nozzle height is lower than ho, there will be a

squeezing effect, i.e., the EBC is forced to take up the space

beyond the volume defined by the product of the nozzle

height, the nozzle diameter, and the distance traveled by the

nozzle per unit time. Finally, it should be noted that Ve, vn and

Dn are all experimental variables and can be varied inde-

pendently. Thus, a particular ho can be obtained by a com-

bination of different Ve, vn and Dn.

Figure 5 shows the contact angle of the extrudate with same

rheological characteristics as a function of the nozzle height.

When the nozzle height equals to 150 and 300 µm, the EBC

spread widely along the substrate with low contact angles.

When the nozzle height equals to 745 µm, the contact angle

closes to 90o and no spreading is observed. Therefore, α=0.82

can be obtained by experiment. A further increase in the nozzle

height (800 µm) does not alter the shape of the extrudate much

with only a small increase in the contact angle. The critical

nozzle height calculated using eq. (1) for the extrusion con-

dition shown in Figure 5 is 750 μm, which is between 480 and

800 μm tested in the experiment. These results indicate that

when the nozzle height is near the critical nozzle height, the

h
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e

D
n
v
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Figure 3. Contact angle of EBC with different mass fraction of algi-

nate.

Figure 4. Cross-sectional photos of extrudates with different mass

fraction of alginate.
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contact angle of the EBC on the substrate used in this study is

about 90o. However, when the nozzle height is substantially

smaller than ho (e.g., the cases of 150 and 300 μm in Figure 5),

the forced flow is occurred and the contact angles will be

smaller than 90o.

Influence of the Shear Rate on the Cross-sectional

Geometry of Extrudates. Because of the pseudoplastic

behavior of the EBC, extrusion conducted with high shear

rates will have relative low viscosity, whereas extrusion with

low shear rates will have high viscosity. When the EBC con-

tacts the substrate after leaving the nozzle, the shear rate

decreases to zero. This will lead to the highest viscosity of the

EBC, which in turn will hinder the flow of the EBC and freeze

the extrudate. Thus, the viscosity difference between the EBC

leaving the nozzle and the EBC contacting the substrate will

affect how fast the EBC can spread along the surface of the

substrate, and thus influence the cross-sectional geometry of

the extrudate. In order to precisely investigate the effect of the

shear rate, the experiments have been designed in which both

the extrusion rate and the nozzle moving speed have been

increased proportionally, so that the critical nozzle height are

kept constant (see eq. (2)). Thus, only the effect of the shear

rate is evaluated because the nozzle height and the critical noz-

zle height are kept constant.

The results from this special set of the experiments are

shown in Figure 6. At high shear rates (50 and 100 s-1), the

contact angles are smaller than 90o. In contrast, at low shear

rates (10 and 25 s-1), contact angles are greater than 90o. This

is so because high shear rates lead to low viscosities (see Fig-

ure 7), and thus the EBC flows fast after it leaves the nozzle

tip. As a result, the EBC spreads along the surface of the sub-

strate before it freezes and a low contact angle results. In con-

trast, when low shear rates are used, the flow of the EBC after

it leaves the nozzle tip is limited because of its high viscosity.

As a consequence of this limited flow, a high contact angle

forms. It is noted, however, that in spite of the dependency of

the cross-sectional geometry on the shear rate, the effect of the

shear rate on the contact angle is relatively small in com-

parison with that of the nozzle height. As seen from Figure 6,

the variation of the contact angle due to different shear rates

investigated is within 20 wt%, which is much smaller than

67.4% changes achieved by altering the nozzle height (Figure

5).

As it can be seen in Figure 1, the viscosity of EBC decreased

as the shear rate increased. And the start point of the exper-

iments is 0.002 s-1, which is nearly equal to zero. However, in

Figure 6, the contact angle is nearly 100o when the shear rate

is 10-1. During the experiments, we found that under the con-

dition of 0~10 s-1, the EBC is almost pasty, that means the con-

tact angle will be all larger than 90o when the shear rate is

Figure 5. Contact angle as a function of the nozzle height for the

EBC with 30 wt% alginate. Other extrusion parameters are Ve=4

mm3/s, Dn=0.8 mm, and vn=5.5 mm/s.

Figure 6. Contact angle as a function of the shear rate (achieved by

changing the extrusion rate and the nozzle moving speed propor-

tionally) while keeping all other processing parameters constant.

The extrusion rate (mm3/s) and the nozzle moving speed (mm/s) are

10.0 and 11.5 for point D, 5.0 and 5.8 for point C, 2.5 and 2.9 for

point B, and 1.0 and 1.2 for point A.

Figure 7. Viscosity curve of EBC (30 wt% alginate) from the shear

rate of 10-2 to 200 s-1.
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smaller than 10 s-1.

Influence of the Extrusion Rate and Pressure on the

Cross-sectional Geometry of Extrudates. The cross-sec-

tional geometry of extrudates is expected to be influenced by

the extrusion rate and pressure. When the geometry and

dimensions of extruder and the formulation of EBC are fixed,

the extrusion pressure P and the EBC extrusion rate Ve, are

directly related to each other via the following eq. (2)27

(2)

where, σ0 is the yield stress of the EBC, τ0 is the wall shear

stress of the EBC at zero velocity, D0 is the barrel diameter, L

is the length of the nozzle, β and γ are factors that account for

velocity dependence of the yield stress and wall shear stress of

the EBC. It can be seen from eq. (2) that increasing the extru-

sion pressure increases the extrusion rate if all other parameters

are kept constant. Thus, studies of the effect of the extrusion

rate while keeping all other parameters constant are equivalent

to the study of the effect of the extrusion pressure.

Figure 8 shows the effect of the extrusion rate on the cross-

sectional geometry of extrudates. Keep three things in mind

when interpreting the result of Figure 8. First, changing the

extrusion rate also changes the flow rate of the EBC because

the average flow rate of the EBC at the nozzle tip is equal to

the extrusion rate divided by the nozzle diameter. Thus, at a

constant nozzle diameter, increasing the extrusion rate

increases the flow rate. Second, increasing the extrusion rate

also alters the critical nozzle height (see eq. (1)). Thus, the

result shown in Figure 8 should be considered as a combined

effect of the shear rate and the critical nozzle height, rather

than a simple shear-rate effect. Finally, given the relationship

between the extrusion rate and extrusion pressure defined in

eq. (2), the result in Figure 8 can also be interpreted as the

effect of the extrusion pressure, which increases with the extru-

sion rate.

As seen from Figure 8, when the extrusion rate is high (e.g.,

Ve=9 and 10 mm3/s), the contact angle is smaller than 90o,

which indicates that the EBC has spread along the substrate

surface before it freezes. Such phenomenon is due to two fac-

tors: 1) the nozzle height (1 mm) is much lower than the crit-

ical nozzle heights (1.845 mm for Ve=9 mm3/s and 2.05 mm

for Ve=10 mm3/s), and 2) the high extrusion rates causes high

shear rate, the viscosity of the EBC reduces. When the extru-

sion rate is intermediate (e.g., Ve=4 and 5 mm3/s), the contact

angle becomes approximately 90o, which means little spread-

ing of the EBC before it freezes. This is so because the forced

flow is alleviated and the viscosity of the EBC is increased.

Optimization of Multi-layer Construction. The single line

extrusion study described above has indicated that extruded

lines with a near 90o -contact-angle cross-section can be

obtained through proper control of the rheological behavior of

the EBC, the nozzle height, the extrusion rate, the nozzle mov-

ing speed, and the critical nozzle height. However, the optimal

conditions for extruding single lines may or may not be opti-

mal for multiple layer construction. Thus, fabrication of multi-

layered objects has been studied based on the understanding

developed from the single line investigation. Furthermore, the

study of fabrication of multi-layer objects is focused on the

effect of the cross-sectional geometry of single lines on the

dimensional accuracy, wall slumping, uniformity of wall thick-

ness, wall uprightness, and shrinkage and dimensional stability

during sintering. Thus, in order to minimize the number of

experiments, the optimal values of the extrusion rate and the

nozzle moving speed determined from the single line inves-

tigation have been adopted in the investigation of the multi-

layer fabrication, whereas only the nozzle height is varied and

investigated.

It is different from single line extrusion that due to the grav-

ity effect, the critical nozzle height of multi-layer extrusion

will be smaller. And the attenuation rate of the critical nozzle

height is related to nozzle diameter (Dn). When objects are

extruded with the nozzle height larger than the critical nozzle

height, the objects produced contain distortion. The diameters

of arcs parts vary with height although the computer models

for both arcs parts have a constant diameter. This phenomenon
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Figure 8. Contact angle as a function of the extrusion rate. Other

extrusion parameters are Dn = 0.8 mm, h = 1 mm, and vn = 5 mm/s.

The number shown with each point is the critical nozzle height used

in the experiment.
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is related to the drag force exerted by the moving nozzle. Such

a drag force is present under all extrusion conditions regardless

of the nozzle height used. However, when the nozzle height is

smaller than the critical nozzle height, the extrudate is forced

to contact the previously deposited layer and bonds to it imme-

diately. In contrast, when the nozzle height is larger than the

critical nozzle height, the extrudate is dragged away before it

contacts the previously deposited layer. In addition, the extru-

date is lifted and dragged upwards during extrusion. Thus,

when the nozzle is traveling along a circle, the extrudate bends

towards the center of the circle owing to the drag force of the

nozzle, leading to a circular extrudate with its diameter smaller

than the diameter of the previously deposited layer (Figure

9(b)). Furthermore, the larger the nozzle height used, the more

effective the drag force of the nozzle in bending and thus the

smaller the extrudate diameter. The drag force of the nozzle,

however, is balanced by the surface tension and the rigidity of

the extrudate. In short, the shape and dimensions of the objects

extruded with the nozzle height larger than the critical nozzle

height cannot be predicted easily because of the strong influ-

ence of the nozzle drag force. In contrast, the dimensions of

the objects extruded with the nozzle height equal to the critical

nozzle height are predicable and match the computer models.

The empirical equation of multi-layer extrusion critical nozzle

height can be derived by experiments.

(3)

Where, hcs is the critical nozzle height of single layer, δ is the

compensation factor. From eq. (3), it can be seen that if the

extrusion rate and nozzle moving speed keep constant, hcm is

inversely proportional to the third power of Dn. It is noted that

eq. (3) is based on the theoretical inference and test analysis,

and it is suitable for the situation that the number of layers is

less than 20 (the deviation reached 4.8%).

Figure 9 shows a six-layered single-wall object extruded

with different nozzle heights at the same extrusion rate

(4 mm3/s), nozzle diameter (0.8 mm), and nozzle moving

speed (5.5 m/s). δ is 0.95 according to the rheological behavior

of the EBC. The nozzle heights applied in fabricating the

object are 0.65 mm and 0.75 mm, respectively. The critical

nozzle height for fabricating both of the objects, however, is

equal to 0.66 mm. Since the nozzle heights in Figure 9(b) is

larger than the critical nozzle height, there is a nozzle dragging

effect during extrusion. As a result, object in Figure 9(b) has a

wall thickness smaller than that in Figure 9(a). Additionally, as

expected from the volume conservation viewpoint (under the

condition of a constant extrusion rate and nozzle moving

speed), the height of the object in Figure 9(a) is smaller than

that in Figure 9(b). In fact, based on the volume conservation,

the dimensions (i.e., the wall thickness and height of the

object) of the objects extruded with the nozzle height equal to

the multi-layer critical nozzle height can be predicted based on

the nozzle height, the nozzle diameter, and the critical nozzle

height. For example, the object is fabricated with the nozzle

height equal to the critical nozzle height (0.65 mm). Thus,

there is no nozzle dragging effect or squeezing effect and

therefore the wall thickness is expected to be equal to the noz-

zle diameter (0.8 mm). This is indeed the case as shown in Fig-

ure 9(a). Furthermore, since the thickness of each layer is

determined by the nozzle height, it is expected that the height

of Figure 9(a) (containing 6 layers) would be approximating to

4.5 mm (6×0.75 mm), which is nearly identical to 3.9 mm

measured experimentally. The measured value is slightly lower

than the predicted one because of the gravity and shrinkage

during drying.

Conclusions

The systematic extrusion based 3D printing studies dis-

cussed above clearly show that in order to get universal prop-

erty of materials and dimension accuracy of the extrudate in

DEF processes, extrusion parameters including the nozzle

height, the extrusion rate, the nozzle moving speed, and the

critical nozzle height should be selected properly. However,

favorable effects of the proper selection of these extrusion

parameters can be achieved only when the EBC is pseudo-

plastic. The latter can be accomplished by adding thickener to

the EBC. In this paper, the adopted thickener is alginate. The

rheological behavior of EBC (30 wt% alginate) is most suit-

able for DEF. Once the proper EBC is prepared, extrusion con-

h
cm

h
cs

h
cs

D
n

------⋅δ δ
h
cs

2

D
n

------⋅ δ α
2 V

e

2

D
n

3
ν
n

2
------------⋅ ⋅= = =

Figure 9. (a) The nozzle height is equal to the multi-layer critical

nozzle height; (b) the nozzle height is larger than the multi-layer

critical nozzle height, the diameter of the arcs is smaller than that of

the previous layer; (c) the cross-sectional image of the multi-layer

object.
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ditions have strong impact on the cross-sectional geometry of

the extrudate and the quality of 3D objects fabricated.

An important extrusion parameter, called the critical nozzle

height, has been identified in this study. The critical nozzle

height is determined by the extrusion rate, nozzle moving

speed, and nozzle diameter. When extrusion is carried out with

the nozzle height equal to the critical nozzle height, an

extruded line with a near 90o contact angle results and when

the nozzle height equals to the multi-layer critical nozzle

height, the dimensions of the 3D object fabricated are equal to

the computer model. Good uniformity of wall thickness and

wall uprightness with no wall slumping can be realized. These

objects also have good dimensional stability during sintering

and their shrinkage is relatively uniform and predictable. When

extrusion is carried out with the nozzle height smaller than the

critical nozzle height, the forced flow of the EBC will be pres-

ent and an acute contact angle results. Furthermore, the dimen-

sions of the 3D objects built will not be equal to the computer

model. When extrusion is performed with the nozzle height

larger than the critical nozzle height, the dimensions of 3D

objects fabricated cannot be predicted. Substantial distortion in

shape may be present in the objects. As such, extrusion with

the nozzle height larger than the critical nozzle height should

be avoided. 
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