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Abstract

Conventional actuation mechanisms used in liquid deposition modeling (LDM) technology limit the flow handling capability
and the visibility of the printing materials’ properties. This work presents a flexible actuation system with intrinsic sensing
for a ram extrusion printhead used in LDM technology. A mathematical model is used to design and simulate the printhead.
The experimental results demonstrate the system’s ability to control the extrusion flow in two modes. The pressure control
mode is favorable for the flow in a transient state such as flushing. The volumetric control mode provides a constant printed
line width with less than 0.1-mm deviation between each tested material (biogel, chocolate fudge, and silicone sealant). A
lower standard deviation for printed lines in the volumetric control mode indicates more precise line printing. The system
also incorporates real-time monitoring of extrusion pressure and flow rate. The intrinsic capability to detect printing mate-
rial properties is validated in both simulation and experiment. It provides valuable insights for further optimization of the
printing process. The proposed system offers the advantage of improved pressure and flow control as well as the ability to

monitor and respond to the properties of printing material.

Keywords Liquid deposition modeling - Ram extrusion - Actuation and sensing - Viscoelastic material

1 Introduction

Liquid deposition modeling (LDM), also known as direct
ink wiring, is an advanced form of 3D printing that uti-
lizes liquid or gel-like materials as the primary medium
for creating three-dimensional objects [1, 2]. This fabri-
cation process features most of the benefits of additive
manufacturing. Furthermore, it supports a wide range of
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materials, including polymers [3, 4], ceramics [5, 6], met-
als [7, 8], and even biological materials like hydrogels
[9, 10]. This versatility makes it applicable across vari-
ous industries, each with unique material requirements
[1]. Recently, studies on the extrusion printing of nano-
materials, utilizing their astonishing properties, are also
investigated [11, 12].

Studies on the evaluation process for the potential new
printing materials have been also carried out [13, 14].
A notable example is the printing of biomaterials [15].
Great precision is required for the deposition of living
cells and biomaterials to create functional tissue struc-
tures for transplantation or research purposes [10, 16].
Much research has been carried out to develop a reliable
and precise fabrication process. The scope of this work
incorporates (a) biomaterial for functional tissues and
organs [2, 9], (b) material extrusion that precisely con-
trols the flow of material including in situ parameters
[17], (c) curing and solidification [18], and (d) post-
processing [19].

As regards advanced 3D printing of biomaterials toward
various tissues and organs, it is found that biomaterials
must mimic complex living tissues while their properties
are also expected to favor the 3D printing processes [20].
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Most biomaterials physically express viscoelastic behavior,
exhibiting the complex characteristics of both elastic solid
and viscous fluid [2].

To achieve the desired structure of the biomaterials, it
must be deposited with high accuracy. For this purpose,
extrusion flow must be precisely controlled. However, the
mechanical properties of biomaterials tend to be unknown
a priori and vary during the 3D printing process. There are
three common approaches for extrusion gel-like materials:
pneumatic actuation, piston actuation, and screw actua-
tion (Fig. 1). The pneumatic actuation method relies on the
fundamentals of controlling the printing pressure through
compressed air. This procedure provides reliable extrusion
flow only if biomaterials have few variations in mechanical
properties. To handle such materials with greater variation,
piston actuation has been employed together with motion
control. The common method of piston actuation is via a lead
screw or ball screw using a stepper motor [21]. When rotation
motion is applied, the piston is pushed down and the material
is extruded. This allows the flow to be reliably obtained in a
steady state. Similarly, screw actuation performs by precisely
controlling the flow, utilizing the rotation of the screw. It is
seen that screw actuation gains benefit over the piston by
allowing the extrusion of highly viscous material [7].

Despite the success in flow control for these two posi-
tive displacement actuations, i.e., piston and screw actua-
tion, extrusion flow in a transient state cannot be controlled
deterministically. The viscoelasticity of biomaterials plays a
key role in this challenge. Due to the elastic behavior of the
material, pressure manipulation is required to gain control
over the flow. Further studies are required to overcome this
problem.

Fig. 1 Types of actuation tech- (a)
nique: a pneumatic actuation

utilizes the pressurized air in the

tank to push the material, b pis-

ton actuation, the stepper motor

and lead screw/ball screw are

used to displace the piston, and

¢ screw actuation uses a rotating

screw to directly displace the

material

Pneumalic
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Herein, this research presents the development of
a novel piston-driven material extruder having the fea-
tures of flexible actuation and intrinsic sensing. Flexible
actuation refers to the concept of controlling either the
extrusion pressure or volumetric flow, one at a time. Each
mode is suitable for transient and steady-state flow of the
viscoelastic materials, respectively. The ability to shuffle
between two modes on the fly proposes better control over
the printing process, compared to single-mode operation
[22].

Intrinsic sensing is the perception of the mechanical
properties of biomaterials during extrusion along with
pressure and flow rate, which are critical parameters for
the printing process. This type of actuation highlights the
possibility of control over the extrusion of materials that
are not specifically tuned for 3D printing [23].

In this paper, mathematical analysis, simulation, and
experiments have been used to demonstrate the benefits of
the proposed design. As such, work on flexible actuation
providing control over the whole extrusion process,
with pressure controlled for transient state handling and
volumetric controlled for precise extrusion at steady
state, has been limited. Our work sets out to expand upon
previous research. It is noted that intrinsic sensing not only
is the foundation of flexible actuation but also enhances
the performance of this design. By enabling real-time
sensing of material properties, many useful features can
be developed and implemented in the process, e.g., on-the-
fly detection of anomalies such as clogging, bubbles, and
sediment.
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2 Methodology
2.1 Modeling ram extruder

The proposed ram extrusion was designed to effectively con-
trol the flow of printing material via two modes: either by (1)
pressure or (2) volumetric flow control. When the ram extruder
is under pressure control, the volumetric flow rate can be mon-
itored. Vice versa, if the ram extruder is in volumetric flow
control, the pressure inside the syringe can be monitored. The
actuator, for the ram extrusion, is commanded by a control sig-
nal and can provide sufficient force to extrude the material out
of the syringe. In this case, a permanent magnet DC motor is
preferred, compared to a stepper motor. As a result, the motor
model is less complex, and the flexible control mode can be
implemented, as described in this section.

The voltage of a DC motor can be determined using the
following equation, indicating that the current is dependent on
both the voltage and the rotational speed of the motor:

V=L,I+Kyw+R,I (1)

where V denotes the voltage; I denotes the electrical current,
which flows through an armature coil; and @ represents the
motor speed.

In the modeling of the ram extruder, the following param-
eters and variables are used, as shown in Tables 1 and 2.

The resulting torque of the permanent magnet DC motor is
proportional to the current / that flows through the motor coil.
The torque T generated by the motor can be derived from the
motor’s electrical current / as:

T =Kyl )

Table 1 Parameters

Symbols Values Unit Description

R, 4 Q Motor resistance

L, 99.5 uH Motor inductance

Ky 0.0261 V-s/rad Motor velocity constant
K; 0.0261 N-m/A Motor torque constant

J 0.001 kg-m? System moment of inertia
f 30 N System friction

r 0.001 m Screw radius

a 4.55 deg Lead angle

u 0.05 N/A Screw friction coefficient
D 0.0148 m Syringe inner diameter

M 0.08 kg Carriage mass

m N/A kg Material mass

k N/A N/m Material spring constant
c N/A N-s/m Material damping coefficient

Table 2 Variables

Symbols Unit Description

X; m Displacement of piston

X, m Displacement of material entering nozzle
0 rad Angular displacement of screw
10} rad/s Angular velocity of screw

Vv v Voltage

1 A Current

T N-m Motor torque

F N Screw load

P Pa Syringe pressure

(0] m/s Volumetric flow rate

If the applied voltage V is commanded and the motor
speed  is monitored in real-time, the output torque 7 can
be approximated by the mathematical model, as described
in Egs. (1) and (2).

The motor is designed to run at high speed but only pro-
vides a small output torque. Transmission is required to pro-
vide mechanical advantages such that the speed is lowered
and output torque is increased having the same power rating.
In this case, a mechanism to convert the rotational motion
of the motor into linear motion that can drive the piston is
needed. It is noted that syringes are cylindrical and their
pistons move in pure translation. For the proposed design,
a ball screw was selected since it can provide mechanical
advantages and can convert rotational motion into linear
motion. To connect the output shaft of the motor to the ball
screw, a flexible coupling is used. The coupling frees other
axes except the rotational axis where both shafts are inter-
faced. In this design, the ball screw ensures rigid transmis-
sion between the shaft of the motor and the linear motion of
the piston. The feed position of the piston x; can be derived
by the kinematic relationship of the ball screw [24]:

x, =r tan(a)f 3)

Although the screw enables a favorable over-motion
conversion and mechanical advantage, it exhibits una-
voidable friction between the relative surfaces of the
nut and screw. Such friction has asymmetric properties,
is hard nonlinear, time-variant, and sensitive to distur-
bance. The point at which friction occurs is between the
rotational and translational domains; thus, the complica-
tion is amplified.

The coulomb friction model is used for representing the
friction in a screw. The angle of friction y can be written in
the form of the coulomb coefficient u as:

_ { —tan~!(u);backward drive

tan~! (u);forward drive S
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It is acknowledged that y can be varied by following the
driving direction of the mechanism. Hence, the equation of
motion of the carriage can be defined as:

(Mr tan(a+y) + L >5€1

rtan(a)

=T —Frtan(a+vy)

&)

If the motion of the system is determined by the effort
from the rotation of the screw, the direction is called forward
drive. Vice versa, if the effort from the nut drives the sys-
tem, the direction is backward. Mechanical advantage varies
depending on the driving direction, whereas backward driv-
ing delivers more mechanical advantage. The reason behind
this effect lies in the interaction of the screw’s nonlinear
behavior and the friction. By operating in a backward drive,
the negative value of y reduces the value of (@ + y) inside
the tangent function. This reduction reduces the influence
of load F, generating a higher mechanical advantage. As
for a screw with a small lead angle «, the effect of negative
y is large enough such that (a + y) is zero or negative. This
outcome prevents the effect of the action on the nut side to
the system, which is called non-back drivable. The screw
that possesses this behavior has self-locking ability.

Loaded material is typically viscoelastic such that its
behavior is a blend between viscous fluid and elastic solid.
To precisely control the flow of such material, two material
properties are implemented. The first one is elastic modu-
lus, which explains the elastic response of the material. The
second one is viscosity, which describes the resistance of a
fluid to flow. The fluid aspect of viscoelastic material that is
mostly used in LDM is a non-Newtonian fluid; the relation-
ship between shear rate and shear stress is nonlinear [2].
Thus, the nonlinear resistance of the flow is exhibited.

As for the aspect of modeling, the lumped element model
is used to describe the material. Elasticity is represented by
a spring whose spring constant k corresponds to the elastic
modulus of the material. The viscous element can be mod-
eled as a damper with a nonlinear damping coefficient c(x,),
corresponding to the viscosity, where x, is a displacement of
material that enters the nozzle. It is assumed that the elastic
behavior is dominated only in the syringe, while the viscous
effect is mainly presented in the nozzle. A small amount of
extruded mass is neglected. The spring is connected to the
damper in series; a mass of the material that is inside the
nozzle m is attached between them.

Let the displacement of material that is entering the noz-
zle be x,. The load that acts as a piston can be defined by the
spring effect inside the syringe as:

F=f+kx —x,) 6)

where f is the overall friction, which resists the system’s
motion. The equation of motion can then be derived as
follows:

@ Springer

mi, = k(x, — xz) — c(xy)x, @)
where c(x,) is a nonlinear damping coefficient:
c(Xy) = ¢y + ¢y 58N (X)X, (3)

When all the governing Eqgs. (1)—(8) have been presented,
a stability analysis of the system is carried out. Lyapunov’s
second method can be used to guarantee the stability of non-
linear dynamical systems. Subsequently, the Lyapunov can-
didate function Y (X), as represented by the summation of the
kinetic energy of the screw and material, electrical energy in
the motor, plus the energy from viscoelastic material deforma-
tion, yields [25]:

2
k (.xl —XZ) Lm 12 mtx'lz mx22 (9)

YX) =
%) 2 +2+2 2

Such a function is in a quadratic form, holding the condition
at stable point: Y(0) = 0, and the positive definition becomes
YX)=0if X #0.

The derivative form of the candidate function is derived
as follows:

(10)
Substituting Egs. (1)—(7) in the derivative form of the can-
didate function and voltage V=0 results in:

K Ix, KIx
rtan(a) B rtan(a + y))
1D
To prove Lyapunov’s stability [25], the state must converge
at a stable point so that Y(X) < 0. It is noted that in the case of
asymptotic stability, such conditions must hold true for X # 0.
The first term R,,I? is a power loss by the resistance of the
motor, which is always positive. The second term c(x,) x,? is
a loss in the nonlinear damper:

Y(X) = —R,,I* — c(xy) %, — fx; — <

c(6,)%,% = () + ¢y sgn (%,)x%,)%,” (12)

By expanding sgn(x,), the term can be written as:

-4
X

SNl 2 .2 2
L)X =X + e (13)
||
and proves to be positive at x, # 0.

When considering friction loss fx), the direction of friction
always resists the motion of x;. Thereby, coulomb viscous fric-
tion occurs and is defined as:

. X
f=sgn(x,)|f| = ﬂm (14)
1

Consequently, fx, can be written as:
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: 2

. X1
fx; = mlfl (15)

This term is always positive. The fourth and fifth terms
of Eq. (11) can be expressed as follows:

K Ix, K1x, _ KIx tan (a +y) — tan (a)
rtan (a) " rtan (a+7y) T < tan (a) tan (@ +7y) )
(16)
According to the direction of the driving, i.e., forward
and backward drive, it is seen that the friction angle y
varies. Direction can be assumed to be dependent on the
energy flow of the screw. The power of the motor K Ix, can
be an indicator of the driving direction. If K Ix, is posi-
tive, the motor gives power to the system, and the screw
is in forward drive. Thus, the friction angle can be written
case-wise:

—y . KIx; <0
7:{ Yabs 1

Yapss K 1% > 0 a7n

In the case of K Ix; <0

(tan(a — Vabs) — tan(a)> <0 as)

tan(a)tan(a - yabx)

and when K Ix, > 0,

t + Vups) —
(‘m(“ Yabs) an(a))>0 a9)

tan((x)tan(a + }/abs)

In these two cases, the sum of the two terms is always
positive:
K Ix,

rtan(a)

K1x, 50
rtan(a +y) (20)

Overall, the four terms regarding the derivative of the
Lyapunov candidate function are always negative. There-
fore, at any initial state X, the system tends toward stabil-
ity. Thus, the energy that is stored in the system is always
reduced.

After the stability of the system is discussed, the ability
to sense and control both the pressure and volumetric flow
rate of the material is presented. When in motion, both pres-
sure P and volumetric flow rate Q are visible on the actua-
tor’s side. Yet, when the motor and the piston stop, and flow
ceases, the friction is in static friction. Friction behavior
falls in the dead-band, and the pressure P is invisible on the
actuator’s side.

The force pushing the material through the nozzle is
analogous to the force exerted by the spring which is equal
to F—f. The pressure of the material at the nozzle entrance
P can be estimated as:

_4F-p

P
nD?

2D

Equations (1)—(5) show that the force at the piston F can
be calculated by the controllable voltage V and the measured
motor’s position . The force can then be used in Egs. (6)
and (21) to obtain the volumetric flow rate Q (directly pro-
portional to x,) and pressure P, respectively. This proves that
by measuring and controlling only two variables: the applied
voltage V and the motor’s position 8, both the pressure P
and volumetric flow rate Q of the system can be derived
and manipulated at any given time. However, since both are
directly affected by the same variables, only one of them can
be controlled at a time:

4(@ —frtan(a + y))

p= B 22)

D2 rrtan(a + y)

Furthermore, at steady state, the elastic behavior of the
material is disregarded, meaning that the rate of change for
x; and x, are coupled. Thus, the volumetric flow rate Q of
the material can then be derived from the motor’s speed
w via Eq. (3). By applying the closed-loop controller over
the measured motor’s position 6, the steady-state volumet-
ric flow rate Q can be directly handled. Similarly, at steady
state, only the voltage is required to control the pressure. It
is important to note that the pressure inside the nozzle is the
gradient from the pressure P to the atmospheric pressure:

nD* %,

1 (23)

Q:

By rearranging all the equations, only the motor’s speed
w is required to approximate the volumetric flow rate Q at
steady state, as follows:

0= 7 D? rtan(a) o (24)
4

Subsequently, the pressure P and the volumetric flow rate
Q at steady state is thus determined via (1) the applied volt-
age V, (2) the time derivative of the motor’s position 6, and
(3) the model.

It is noted that if both the pressure P and the volumetric
flow rate Q are controlled, the printing process is enhanced
[22]. The technique of flexible actuation is an excellent can-
didate to control the flow of the material.

2.2 Material properties sensing
Apart from the pressure P and the volumetric flow Q, the

intrinsic sensing feature allows the extruder to sense the
properties of material. In this simulation, the detection of

@ Springer
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the viscosity of the material c(x,) is demonstrated. At steady
state, combining Eqgs. (1)—(7), c(x'z) can be determined:

(V, = Kya(0)) % — frtan(a + y)
c(xy) = n (25)
r2tan(a + y)tan(a)w(t)

At steady state, where the applied voltage V is controlled,
the motor’s speed w is calculated via the measured motor’s
position #. All intrinsic parameters are a priori known. Equa-
tion (25) demonstrates the proposed model’s ability to sense
the damping coefficient ¢ of the damper used in the model.
The damper represents the viscosity of the material. The pro-
posed ram extruder was simulated via the MATLAB Sim-
scape model (Fig. 2c). The model was constructed through a
bond graph approach, where each element is interfaced with

Fig.2 Ram extruder with flex- (a)
ible actuation and intrinsic sens-

ing for 3D printing: a fabricated

hardware, b schematics, and ¢

bond graph diagram

Carriage

Screw

both effort and flow signals [26]. In Table 1, the parameters
of the simulation can be found.

To validate the prediction of the viscosity, the applied
voltage V was applied at various levels of 8, 10, and 12 V.
Materials whose damping coefficients were unknown to the
system were tested. The damping coefficient of these materi-
als spanned the range of 0 to 10,000 N-s/m with 1000 N-s/m
increments.

The motor’s speed w is obtained to predict the damping
coefficient of the loaded material via Eq. 10. In the case
where the parameter in the system is imprecisely modeled,
a simulation is used to demonstrate that the technique is still
effective. In the simulation, the friction is assumed to be
imprecisely modeled with + 5% error. Hence, the deviation,
resulting from an error in the friction input, is proportionally
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constant for different values of the damping coefficient.
Accordingly, + 5% friction error results in guesses higher
than the input values and vice versa for—5% (Fig. 3). The
higher voltage suggests lower deviations and greater immu-
nity to the change in hardware parameters.

2.3 Hardware description

A custom extruder printhead was designed and fabricated
based on the proposed concept (Fig. 2a). A Faulhaber DC
motor 2342S5024CR with magnetic encoder IE3-1024 L
was selected as the actuator. It was connected to THK ball
screw BNKO0802 via a flexible coupling. The chassis and
other passive components of the extruder were 3D printed,
using photocurable resin. The chassis is designed so that a
10-mL syringe main body can be clamped onto it, while the
syringe piston movement is coupled with the ball screw nut.

To control the extruder hardware, a custom-designed PCB
was used. This PCB utilizes a DRV8876PWPR DC motor
driver chip, which features the current sensing ability, allow-
ing real-time measurement of the electrical current supplied
to the motor. To handle both communication and signal pro-
cessing, the STM32-based microcontroller was employed.
Its firmware was specially designed to switch between con-
stant voltage mode (pressure controlled) and closed-loop
mode (volumetric controlled). In the closed-loop mode, a
proportional derivative controller was applied to precisely
manipulate the movement of the motor. Both position and
the electrical current of the motor were signified by the

12000

10000

8000

* 8V
x 10V
12V

6000

4000 {

2000 + 2

The Measured of Damping Coefficient(N-s/m)

0 . . . . . )
0 2000 4000 6000 8000 10000 12000
The Material's Damping Coefficient(N-s/m)

Fig.3 The simulated results of the damping coefficient measurements
are illustrated. The dotted diagonal line represents the correct estima-
tion. Data above this line reveal the results of the input friction error
of +5%. Data below this line represent the friction error of —5%

microcontroller and were logged over time for usage in the
experiments. The size of the assembly without the syringe
is roughly 220 110X 50 mm, and its weight is 622 g. The
maximum power is 24 W. This system gives the maximum
pressure exceeding 7 Bars and maximum volumetric flow of
approximately 6 mL/s at no load.

Herein, this ram extruder was designed to connect and
communicate with consumer 3D printers through a specially
designed adapter. The adapter is able to transmit the STEP/
DIR/EN signal normally used for stepper-based extruders
in typical fused deposition modeling (FDM) printers. In the
closed-loop extrusion, the custom extruder receives these
signals from the printer and controls the extrusion at the
rate of the STEP signal. In addition, the adapter relays the
serial communication for the extruder, allowing the usage
of the special G-code commands, plus the recordings of
the extruder data, including piston position and electrical
current.

2.4 Experimental setup
2.4.1 Print materials

To demonstrate the proposed flexible extrusion profiles and
intrinsic sensing of the ram extruder, three materials, (a)
biogel (5% food-grade gelatin solution), (b) chocolate fudge,
and (c) silicone sealant, were chosen. These materials are
viscoelastic material that can be 3D printed using the LDM
technique. Each material represents different fields, wherein
LDM technology provides useful applications, including (a)
tissue engineering, (b) food, and (c) engineering, respec-
tively. These materials exhibit different flow behaviors, illus-
trating how the proposed system will perform using various
materials in real-world applications with distinct rheological
properties.

2.4.2 Flexible actuation

In this section, experiments were designed to demonstrate
the different outcomes between the pressure-controlled and
volumetric-controlled modes. During flushing and printing
operations, the behavior of the print material was analyzed
and compared.

The flushing process of chocolate fudge was performed
six times. In the first half of the experiment, different con-
trolled feed rates of 1, 2, and 3 mm/s were executed. In the
second half, motor voltages of 8, 10, and 12 V were imple-
mented for constant pressure. Subsequently, to equalize the
amount of material extruded for each attempt, extrusion was
halted when the piston position reached 3 mm from the start-
ing point. The motor’s position € and the motor’s electrical
current / were measured, over time.

@ Springer
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All three materials mentioned above were used to lay
lines 30 mm in length. For each material, four lines were
printed. Firstly, using volumetric feed rate of 4.17 mm?/s,
this feed rate provided the cross-sectional area of the line at
0.5 mm?. Secondly, the remaining lines were printed using
pressure-controlled extrusion mode at motor voltages: 6,
8, and 10 V. All the lines were laid at a nozzle height of
0.5 mm and horizontal feed rate of 8.33 mm/s. As such,
this study focused on steady-state line properties. Thus, the
60-mm-long square-wave-shaped line was printed immedi-
ately before the experimental lines. Thereafter, the images
of the lines printed on the glass slides were captured through
a telecentric lens. In Fig. 4, the extraction process of both
mean and standard deviation of the line widths are shown.
Image analysis was used to determine the quality of the
printed line.

2.4.3 Intrinsic sensing

Apart from utilizing flexible actuation, the sensed pressure
P and volumetric flow rate Q can be used to discern the
properties of the print materials. The ability to perceive
real-time properties of the print material was validated
through a heterogeneous mixture extrusion test. As shown
in Fig. 5, the syringe containing the mixture was prepared.
The volumetric-controlled extrusion was executed on this
non-homogeneous mixture at the reference piston feed
rate of 1 mm/s. The piston feed rate was logged over time
together with the motor’s electrical current / which can be
used to validate motor torque 7.

Fig.4 Line width extraction
process. The images of the lines
are processed using a binary
thresholding technique to find
the upper and lower bounds of
the lines. Then, the number of
pixels between the upper and
lower bound at the same vertical
position are counted. These
numbers are obtained along the
selected portion of the printed
lines. Subsequently, the mean
and standard deviation of the
numbers are calculated

Linc Width (mm)
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3 Results and discussion
3.1 Flexible actuation: flushing process

In Fig. 6, both the measured current / and piston feed rate,
from the pressure-controlled and volumetric-controlled
flushing of chocolate fudge, are shown. Piston feed rate was
calculated via the differentiation of the measured position
of the piston, over time. The motor current / represents the
torque T generated from the motor, corresponding with the
pressure P at steady state.

In the pressure-controlled flushing process, the con-
stant voltage V applied to the motor and the piston initial-
ized the flow of the print material from its resting state.
This event resulted in the surge of the motor’s electrical
current / to certain values. The current / is seen to stabi-
lize around the values up to the end of the process. Hence,
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Fig. 5 The heterogeneous mixture of 40% food-grade gelatin in water
solution (red) deposited in its 5% counterpart (clear). The mixture is
stored in the syringe
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it is implied that torque T stabilized around a certain
value, depending on the applied voltage V. The elasticity
of the material caused the piston feed rate to experience
a high magnitude of fluctuation at first, then the feed rate
gradually slowed down at a different rate, depending on
the applied voltage V.

In the volumetric-controlled flushing process, the motor
current / displayed a relatively slower rise. However, due to
the complex behavior of the elasticity of the material plus
the viscosity, the electrical current fluctuated greatly. In the
3-mm extrusion time frame, the current from each feed rate
did not appear to converge to any certain value. After slight
instability, the feed rate of the piston continued to stabilize
around the controlled reference value.

3.2 Flexible actuation: line printing

The three materials used for printing exhibited different flow
behavior and magnitude of deformation resistance. It is seen
that silicone sealant displayed the highest viscosity followed
by chocolate fudge, and biogel, respectively. In Fig. 7, the
images of the printing results of these materials under both
extrusion modes are displayed. In Table 3, the mean line

(a)

227 MW
1.2 H
& rl,uvk,w-,,.‘lm LA

0.8

0.6

Motor Current (A)

0.4
a

Pressure-Controlled

width and standard deviation of line width were extracted
from each printed line and are outlined.

For each particular material, the mean line width
revealed a positive correlation with the motor voltage V.
Regarding the viscosity of the materials, the magnitude
and the rate of change were diverse. For each particular
voltage, silicone sealant was found to have the minimum
mean line width followed by chocolate fudge, and biogel.
The difference between the smallest and greatest value
found was in the order of millimeters. In the volumetric-
controlled printing, the difference spanned in the order of
hundreds of microns.

As for standard deviation, a positive correlation with
voltage was observed, though the correlation displayed
worse linearity than that of the mean line width. At each
voltage V, the standard deviation also displayed similarity
to the mean. Herein, silicone sealant had the lowest devia-
tion, demonstrating the domination of viscosity over elas-
ticity. The highest deviation proved to be in biogel where
its superior elasticity caused wobbling in the printed line.
Similarly, this trend occurred in the volumetric-controlled
printing. When printed in the volumetric-controlled mode,
it is important to note that, for each material, the smallest
standard deviation was encountered.
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Fig.6 Experimental data obtained from the flushing operation of the
different modes. Pressure-controlled extrusion (a) is actuated by 8,
10, and 12 V. Volumetric-controlled extrusion (b) is commanded at

I'ime (s)

the piston’s reference feed rate of 1, 2, and 3 mm/s. Extrusion ends
when a piston displacement of 3 mm is reached, as signified by the
black “X”
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Table 3 Mean line width (u) in

X . Materials Position controlled Pressure controlled
the unit of mm with standard
deviations (o) u c Motor voltage 6 V. Motor voltage 8 V.~ Motor voltage
10V
u o u o u c

Biogel 1.4254 0.1080! 3.4999 0.1890 8.4479 0.6639 N/A N/A
Chocolate fudge 1.5267 0.0394! 0.4972 0.1683 2.5965 0.1945 4.3951 0.3695
Silicone sealant 1.5531 0.0142! 0.2866 0.0347 0.6574 0.0665 0.9613 0.0725

'The lowest standard deviation value for each material

3.3 Intrinsic sensing: heterogeneous mixture
extrusion

In this experiment, a non-homogeneous hydrogel mixture
was extruded, using the proposed technique. During extru-
sion, machine vision was used to capture the flow. A video
was synchronized with the signals from the ram extruder’s
microcontroller. Throughout the extrusion of the non-homo-
geneous hydrogel mixture, piston feed rate error and motor
current were plotted over time (Fig. 8).

At the beginning of the extrusion, regular hydro-
gel flowed through the nozzle and escaped through the
tip of the nozzle. Feed rate error stabilized around the
value of 0 mm/s while the motor current increased slowly.
After 1 s, a small part of the highly concentrated gel was

@ Springer

forced through the narrow area at the lowest section of the
syringe. Due to an increase in resistance, the same pres-
sure applied could not maintain the constant flow of the
material anymore. Consequently, both feed rate error and
motor current sharply increased to around 1 mm/s and 1.2
A, respectively.

During the next 0.5-s period, a greater volume of the vis-
cous gel was pushed through the bottleneck of the syringe,
corresponding with the steadiness of the two variables at the
raised values. At about 1.5 s, the concentrated gel detached
from the main body and slipped into the broadest part of the
nozzle (uppermost). When the resistance at the bottleneck
sharply dropped, the internal stress of the material in the
syringe lowered instantly. Thereupon, the residual gel in the
nozzle squirted out. This overflow resulted in a drastic drop
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part (transparent). Piston feed rate error is calculated by the difference
between the reference feed rate and the actual feed rate measured by

in feed rate error and a slight drop in motor current. The
detached gel in the nozzle then drifted down toward the tip.
Thereby, more effort from the motor was required to push
it through the smaller cross-sectional area. Hence, the feed
rate error slowly increased while the motor current remained
steady at an elevated level.

At roughly 2 s, part of the fragment began to escape
through the nozzle tip. This process continued for almost
1 s, while both feed rate error and motor current were main-
tained at the ascended values. At around 2.9 s, the detached
gel fully exited from the tip of the nozzle. The instant the
pressure was released, the overflow of the material oozed out
of the nozzle, bringing about a sharp drop in feed rate error
along with a small drop in motor current. In the next 0.2 s
approximately, a rapid decrease in the current took place.
Feed rate error once again converged around the value of
0 mm/s, while the motor current dropped back and slightly
fluctuated around 0.7 A.

As for the actual case of viscoelastic material, the flow is
highly complex as the material possesses both properties of
solid and fluid. The material needs to be compressed through

L2} F_AU,L \
Al o
" ' 25 ; ' '

2 3.5 4

Time (s)

the encoder. The trend of this parameter corresponds with the loca-
tion of the anomaly, which is illustrated by black triangles. The motor
current is measured by the motor driver chip and is proportional to
the force that the motor exerts

the taper of the nozzle. In essence, the deformation and flow
of matter are very difficult to model and are sensitive to
disturbances such as temperature. It is also noted that even
if the temperature is controlled, it is still challenging to guar-
antee that the temperature inside the syringe is uniform. This
complication of rheology may reflect the pressure and flow.

In the demonstration, the proposed prototype can detect
the difference in rheology as the material suddenly gains
more viscosity and stiffness. In Fig. 8, results show the
potential usage of the thresholding method to detect clog-
ging inside the nozzle. In the graph, the piston feed rate
error of 0.5 mm/s can be used to detect anomalies. Such a
technique may further be used in real applications to prevent
print failure.

Furthermore, the signal that is demonstrated reflects the
flushing completion when the clog is flushed out (Fig. 8).
The drastic drop in feed error is highly related to the break-
through of the clog. Using the threshold technique, this event
is easily detected. The proposed hardware has the potential
to detect clogs in real time during the printing process and is
also able to sense the completion of clog flushing.
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3.4 Discussion

Greater repeatability of material extrusion can be achieved
by controlling the initial conditions of the flow. Unlike pure
elastic or pure viscous materials, viscoelasticity exhibits the
exponential relaxation of stress over time. The difference
in initial residual stress will affect the flow behavior of the
material. Thus, starting the process from the same inter-
nal pressure is favorable. The experiment demonstrates that
relatively higher-pressure stability can be attained by utiliz-
ing constant voltage driving. Arguably, the internal pressure
from the volumetric-controlled flushing process might con-
verge at some point. Yet, the time required for this to occur
is seen to be significantly longer.

In contrast, line laying, using a pressure-based actua-
tion approach, proved to be quite challenging. The char-
acteristics of printed lines are profoundly affected by the
viscosity and elasticity of the material. When stress is
applied, the viscosity describes the deformation rate of
the material. Viscosity dictates the amount of material
extruded at a certain pressure, thus governing the mean
width of the printed line. In the mass spring damper
system, the higher spring constant results in a larger
amplitude and frequency. Similarly, materials with
higher elastic modulus can store more residual stress,
resulting in higher deviation in the width.

The control of line width is hardly possible without inten-
sive calibration of the print pressure on the material. Moreo-
ver, the change in the viscosity of the material caused by
time, temperature change, and chemical reactions can influ-
ence the conditions of the printed line [27]. At steady state,
higher resilience of material properties can be achieved by
manipulation of the piston position rather than the internal
pressure of the material. The volumetric-controlled extru-
sion method signifies greater reliability and superior uni-
formity of the line width.

In the last experiment, material sensing capability was
demonstrated. The measured response suggests that the
system can successfully distinguish between regular and
highly viscous gel while it travels through the bottleneck
of the syringe and out through the nozzle. This experi-
ment indicates that the viscosity of the material can be
sensed by the proposed hardware, as demonstrated in the
simulation.

With proper calibration, the proposed design might be
able to sense the properties of an unknown material stored
in the syringe and adjust the printing profile, according
to the material. The ability to detect and resolve unex-
pected anomalies might also be possible if the change in
viscosity is present, e.g., (a) re-printing of the discon-
nected line caused by bubbles in the material and (b) mid-
print flushing in the case where sediment in the nozzle is
encountered.
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4 Conclusion

Herein, a novel flexible actuation system with intrinsic sens-
ing demonstrates its ability to sense pressure and flow rate
from the actuator’s side. Unlike conventional LDM actua-
tion, our system can control the extrusion in both modes:
pressure controlled and volumetric controlled. Overall, the
system encompasses nonlinear dynamics, and the material
displays viscoelastic behavior; control of pressure offers
better handling of flow initialization. Volumetric control
ensures more precise flow in steady state. In pressure control
mode, volumetric flow is real-time sensible. Vice versa, in
volumetric flow mode, pressure is real-time monitored. Only
a limited number of studies have investigated the extruder’s
ability to intrinsically sense the properties of print mate-
rial, which is considered in our work. With this design,
the loaded material’s properties, such as viscosity, can be
revealed during actuation, providing useful insight into
the extrusion process. This work lays a strong foundation
for further development and optimization of the printhead,
which is a critical part of LDM technology.
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