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A B S T R A C T

Extrusion-based bioprinting is the most common printing technology used in regenerative medicine. Despite
recent technological advances, a pressing challenge for extrusion printing is low spatial resolution, which limits
the functionality of printed constructs. One of the reasons for the low spatial resolution is a lack of process
monitoring and control strategies to monitor fabrication and correct for print errors. Few research efforts
implement process control and investigate the relationship between extrusion process parameters and printing
fidelity. The lack of understanding between process parameters and print results ultimately limits the complexity
of the possible structures. For example, fabrication of structures whose topologies vary spatially within the part is
not possible without advanced process control. Here we enable fabrication of advanced spatially graded structures
by implementing process monitoring and control strategies. We develop material models to better understand the
relationship between process parameters and printing outcomes. We also present an experimental procedure to
generate a process map that provides insight into the regions of the processing space that produce the desired
extrusion features (e.g., width of the filament). After generation of a process map and material models, we
implement a process monitoring and control strategy that measures the feature error and intelligently updates the
process control inputs to reduce defects and improve spatial fidelity, which will lead to better functionality of the
final construct.
1. Introduction

Extrusion-based bioprinting is a three-dimensional (3D) printing
method in which biomaterials, both cellular and acellular, with carefully
tuned rheological properties are extruded through a nozzle using either a
pneumatic or screw-driven force. During extrusion, a multi-axis motion
system moves a nozzle along a pre-defined trajectory to fabricate struc-
tures in a layer-by-layer manner. Extrusion-based bioprinting is the most
widely used printing technology in regenerative medicine [1,2] since it
has the potential to rapidly fabricate human-scale tissue constructs [3,4]
using biomaterials with high cell densities [5]. Extrusion printing has
widespread applications in the biomedical field, including scaffold
fabrication for tissue regeneration [6,7], organ printing [8–11], micro-
vasculature printing [2], and disease modeling [12]. Despite recent
technological advances, the fabrication of constructs that yield func-
tional, mature tissues remains a major challenge in the field of
Urbana-Champaign, 205 S Mathe
strong).

rm 9 December 2020; Accepted
.

regenerative medicine [13,14].
One of the reasons for the limited functionality of bioprinted con-

structs is low spatial resolution of the material extrusion process;
depositing materials accurately is vital for in vivo functionality. For
example, the geometry of the aortic valve is critical for ensuring efficient
blood flow dynamics [15], coronary flow [16], and tissue durability [17].
This example demonstrates why tight control of material placement is
essential to reproduce complex, hierarchical structures of native tissues
with spatially varying feature sizes. Strategies to improve the accuracy of
structure fabrication in extrusion printing are important to help realize
the technology’s clinical potential of printing human-scale, functional
tissues [3,18–21].

The fabrication of functional tissue constructs requires a better un-
derstanding between printing process parameters and printing resolution
[5]. Process mapping involves identifying the relationship between
printing outcomes and the primary process variables to provide insight
ws Ave, Urbana, IL, 61801, United States.

28 December 2020

mailto:aaarmst2@illinois.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bprint.2020.e00126&domain=pdf
www.sciencedirect.com/science/journal/24058866
www.elsevier.com/locate/bprint
https://doi.org/10.1016/j.bprint.2020.e00126
https://doi.org/10.1016/j.bprint.2020.e00126


Fig. 1. The two process parameters we can vary in our printing system include
the pressure input, U1; and the axis speed, vel. The process variable of interest in
this work is the filament width, Y. Image from Ref. [36].
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into regions of the processing space that produce the desired printing
outcome. While process mapping is common in machining and AM ap-
plications to improve print resolution [22,23], there are limited research
efforts in the field of bioprinting that systematically investigate how
process parameters affect fabrication [1,24,25]. Two examples of
important process parameters for a pneumatic extrusion printing system
include the speed of the axes and the pressure input, since both of these
control inputs directly affect the amount of material extruded out of the
nozzle. Examples of works where the researchers systematically studied
how printing process parameters influence the process variable of in-
terest include [1,5,25,26]. Some researchers have also developed models
to relate the process parameters to printing outcomes [24,27].

While there are certainly research efforts investigating how process
parameters affect print quality, the prior investigations determined a set
of static process parameters, assuming a fixed set of optimized parame-
ters would be utilized throughout the printing process. However, using
constant process parameters can negatively impact the extrusion of the
filament when the process itself is time varying. For example, significant
material buildup can occur at regions with rapid deceleration to change
directions, such as tight corners. Precise control of the filament width
along more complicated paths requires process control and time varying
process parameters to compensate for unavoidable material errors. He
et al. increased the axis speed at tight corners to reduce material overlap
[5]. The authors, however, simply doubled the speed in a region around
the tight corner in an ad hoc manner and did not provide an explanation
for how this adjustment was implemented. Further, this investigation did
not present a means to measure or quantify material placement
improvement at the sharp corner. Friedrich et al. developed a model to
predict the deviation from the desired material path and ink spreading at
corners to improve fabrication of tight corners in extrusion printing [28].
Despite these efforts, however, the field is currently lacking a method to
implement correction based on process feedback.

The field also lacks a systematic method to select time varying process
parameters to fabricate more complicated structures with spatially
varying feature sizes such as filament widths. The references discussed
above fabricate structures with a constant filament width along the path.
Precise control of material placement for more complicated structures
with varying filament widths requires process sensing and control, which
involves measuring and quantifying material error, and then using the
error intelligently to modify the control inputs to improve material
fabrication.

This work expands on our previous research efforts to develop a
process sensing and control methods that facilitate the selection of time
varying process parameters and ultimately improve fabrication of
structures with spatially varying features. Our previous work [29,30]
focused on process control for structures with a constant filament width
along the path. In this paper we outline the experimental steps required
to develop a process map to provide insight into regions of the processing
space that produce the desired printing outcome. We also present
methods to determine both static and dynamic models of material
fabrication to better understand how modifying process parameters
affect fabrication. We then use information from the process map and
models to facilitate selection and modification of process parameters that
improve printing accuracy. We demonstrate the effectiveness of our
approach by fabricating functionally graded scaffolds resulting in graded
porosity patterns. An example application that could benefit from func-
tionally graded porosity is fabrication of bone scaffolds, where the
multiple porosity sizes could help direct bone growth and improve
osseointegration. Other applications that require extruded material with
varying widths along the trajectory include fabrication of organ sub-
stitutes with complex internal geometries [31,32] and the coronary arterial
tree that has branches with different size widths.While we apply the method
to a specific extrusion printing system, the steps outlined in this paper can
be applied to other extrusion printing platforms to improve printing ac-
curacy of complex parts with varying spatial features.

The paper is organized as follows. Section 2 presents the printing
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system we use for fabrication. The first step of the proposed method is
presented in Section 3 which outlines the steps required to generate a
process map that helps the user better understand the range of process
parameters required to achieve the desired process variable of interest.
Section 4 presents the experimental steps required to obtain both static
and dynamic material models to quantify how modifying the process
parameters affect the process variable. The material model information is
then used in Section 5 to implement control design and generate a time
varying input signal for the process parameters to fabricate a structure
with spatially varying filament widths. In Section 6 we use this time
varying control input for fabrication to demonstrate the effectiveness of
the proposed method in printing functionally graded structures. Finally,
Section 7 includes a discussion of the main contributions and future
work.

2. Printing system

In this work we use a pneumatic-based extrusion printing system
described in our previous work [18,30]. A pressure regulator applies a
controlled pressure in the range of 0–30 psi to a syringe of material
attached to an extruder head on the Z-axis of an XYZ motion system. We
use a mapping from output pressure to input voltage to determine the
voltage signal required to achieve the desired output pressure [33]. The
motion system moves the extruder mount in the XY plane along the
pre-defined trajectory, and a filament is deposited along the trajectory in
the form of a cylindrical rod. For the current work, we use a
general-purpose stainless-steel nozzle tip with a nozzle size (NS) internal
diameter of 0.51 mm and a 6.35 mm tip length. We use an acellular
calcium phosphate-based ceramic material system typical of applications
in bone repair and regeneration [7,34]. The material is a
yield-pseudoplastic fluid which behaves as a solid when unstressed and
does not deform until a shear stress above the yield stress is achieved
where the ink becomes shear-thinning [35].

The primary process variable of interest is the material filament
width, Y (Fig. 1). Assuming a set nozzle size andmaterial, the two process
parameters we can modify to change the filament width include the
pressure input signal, U1, and the axis speed, U2. With a constant speed,
increasing the pressure will increase the width, while increasing the
speed with a constant pressure will decrease the width.

To enable direct process control, we use a non-contact 2D laser
displacement scanner (Keyence LJ-G030) that is mounted to the extruder
head. The scanner measures both the spatial material placement and the
width of the deposited material. We use the scanner output in a custom
image processing script [18,30] to reproduce the surface profile and
calculate the filament width error.

To validate the approach, we apply the process monitoring method to
improve fabrication of two different two-layer square lattice patterns
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with spatially varying features (Fig. 2). The reference designs have
widths that vary from a size equal to the nozzle size (NS ¼ 0.51 mm) to
1.75 times the NS to create functionally graded scaffold patterns. The
patterns for Layers 1 and 2 of scaffold pattern 1 are the same with Layer 2
rotated 90� relative to Layer 1. The desired rods of each layer start at 1.75
times the NS on one side, reduce to the NS in the center, and then expand
again to 1.75 times the NS on the other side, which is shown as the right
filament on the right hand side of Fig. 2. The scaffold pattern has smaller
pores on the outside with increasing pore size radially towards the center.

The pattern for Layer 1 of scaffold pattern 2 contains rods with widths
equal to the NS on one end and grow to 1.75 times the NS on the other
end, which is shown as the left filament on the right hand side of Fig. 2.
Scaffold pattern 2 has smaller pores on the bottom of the scaffold, with
increasing pore size towards the top.

3. Process map

This section presents a simple method to generate a process map to
determine the range of feasible control inputs to achieve the desired
fabrication outcome. The process map then guides the selection of the
pressure inputs and speeds used in the subsequent sections. The experi-
ment involves sweeping a range of pressure inputs and speeds and
recording the resulting filament widths. The desired structures presented
in Section 2 require filament widths in the range of the NS to 1.75 times
the NS. Thus, our goal is to determine the combinations of pressures and
speeds that lead to filament widths in this desired range.

The first step is to determine the range of process parameters that will
be used in the process map experiments. For our material system, we
choose to test a velocity range of 1–6 mm/s; from prior experience these
axis speeds generally lead to stable extrusion and improved material
adhesion to the substrate for our printing system [37]. The optimal
pressure for extrusion, however, will vary depending on the viscosity of
the material in an individual batch’s formulation. Thus, we sweep across
the entire 1–30 psi pressure input range.

To generate the process map, we then fabricate a series of straight
lines. For each speed tested, a single axis moves the extruder along a
straight line at a constant velocity. Every 5 mm the pressure input signal
increases by 1 psi across the entire 1–30 psi pressure input range. After
fabrication, the laser scanner moves across each filament and use a
custom image processing script [30] to determine the resulting filament
width. The resulting process map for our material system is illustrated in
Fig. 3, which reports the filament width recorded as a factor of the NS, for
each combination of pressure and velocity input. The color shading
3

represents the factor of the nozzle size with the scale bar on the
right-hand side. The red and dark green regions on the left and right sides
indicate unsuitable operating conditions. The pressure and velocity
combinations that either do not lead to extrusion of continuous filaments
or result in a filament width smaller than the NS are labeled as red
squares. The velocity and pressure combinations that lead to a filament
width that is larger than the desired filament width range are shown as
dark green squares. The green color spectrum in the middle of the plot
indicates the potential operating space for our application since the
filament width is in the range of [NS, 1.75 NS]. The main purpose of the
Process Map is to guide selection of operating parameters to achieve the
desired filament width.

4. Material models

After generating a process map, the next step is to generate a material
model to better understand how the material responds to control inputs
in order to implement control design and ultimately improve material
placement. We use the results of the Process Map to select the range of
control inputs for the ink characterization experiments. Our experiments
develop both static and dynamic material models that do not require
extensive rheological information. The static material models relating the
pressure and velocity inputs to the filament width are necessary to
determine how to select the values of the initial input signals to fabricate
structures with varying filament widths and how to modify the inputs for
correction. The dynamic material models provide transient material in-
formation to help improve control design. We use established models in
the literature and develop experiments to determine the model
parameters.
4.1. Static material model

To determine the initial time varying process parameters, we use
empirically determined curve fits. These static material models require
both velocity and pressure experiments that are similar to the Process
Map experiments, but with a smaller operating range. For the velocity
experiments, we keep the pressure constant, and a single axis moves the
extruder along a straight line. Every 5 mm, we increase the speed by 1
mm/s. Similarly, for the pressure experiments, a single axis moves the
extruder along a straight line at a constant speed and we increase the
pressure by 1 psi every 5 mm. The laser scanner and a custom image
processing script [30] determine the resulting filament width.

We select the experimental pressure and speed ranges from the
Fig. 2. The two functionally graded scaffold
patterns we print in this work to demonstrate
the effectiveness of the proposed approach.
The spatially varying filament widths create
a graded scaffold pattern, indicated by the
red arrows. Layers 1 and 2 for Scaffold
pattern 1 use the same filament pattern,
which is the filament pattern shown on the
right side of the image where the width
varies from 1.75 times the nozzle size (NS),
to NS in the middle, and back to 1.75 times
the NS on the far end. Layer 1 for Scaffold
pattern 2 uses the filament width pattern
where the width varies from the NS on one
end to 1.75 times the NS on the other end.
Layer 2 for Scaffold pattern 2 is a filament
width that continuously increases along the
path. The desired width at the starting point
of Layer 2 is the NS, and the desired width at
the end point of Layer 2 is 1.75 times the NS.
(For interpretation of the references to color
in this figure legend, the reader is referred to
the Web version of this article.)



Fig. 3. Resulting process map for our material system
with the factor of the nozzle size plotted at each
combination of velocity and pressure inputs. The red
region is the velocity and pressure combinations that
do not result in continuous extrusion or lead to fila-
ment widths smaller than the NS. The middle green
color spectrum is the desired printing region that re-
sults in filament widths in the desired range of NS –

1.75 times the NS. The dark green region indicates
the velocity and pressure combinations where the
filament width is larger than 1.75 times the NS. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)
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Process Map results that resulted in filament widths in the desired 1–1.75
times the NS range. The experimental results for both the pressure and
velocity tests are shown in Fig. 4. For the velocity and pressure tests, we
choose a velocity range of 1–6mm/s and test at three pressure values: 10,
13 and 16 psi, and a pressure range of 10–16 psi and test at three speeds:
2, 3 and 4 mm/s, respectively.

We fit the experimental data with standard curve fits (Fig. 4). The
results from the velocity and pressure tests guide our selection for initial
control design to enable fabrication of structures with varying filament
widths. We can linearize Equation (4) around our operating region to
enable control design. The linear fits for pressure are shown as solid lines
in the right image of Fig. 4 and the average slope of the three experiments
is m ¼ 0:08. This slope is used in Section 5 to implement control design
for material correction. We also fit the velocity vs. width curves with lines
in the typical 3–5 mm/s operating range to compare the slopes between
the two control tools. The results in Fig. 4 demonstrate that in the
operating space for fabrication, there is higher sensitivity with the
pressure input, as seen by the slope of the linear fits, compared to the
velocity input. The larger slopes of the pressure vs. width curves imply
we have a larger control input sensitivity with the pressure input, which
is discussed in Section 5.
4.2. Dynamic material model

We also design experiments to generate dynamic material models in
order to determine information about transient material behavior. These
models are important to improve control design for transient perfor-
mance such as material flow starting and stopping [38]. We use a transfer
function for the dynamic model, a mathematical model commonly used
in control theory to represent the relationship between the output and
input signals of a system [39]. One of the main advantages of transfer
functions is that they use simple algebraic equations instead of complex
differential equations for analyzing and designing systems. The transfer
function is obtained by applying a Laplace transform to the differential
4

equations describing system dynamics and is written in the frequency
domain using the complex variable, s. We use a linear first order
approximation of extrusion dynamics to relate the input (pressure) and
the output (volumetric flowrate at the nozzle), similar to Hoelzle et al.
[38]. Hoelzle et al. model the ink dynamics by assuming a compressible
ink in the syringe as a control volume with non-Newtonian fluid flowing
through a nozzle [38]. The authors then linearized the dynamics about a
nominal syringe volume resulting in the following linear first order
transfer function to approximate the outflow response, GðsÞ:

GðsÞ¼Qout

U
ðsÞ ¼ K

τsþ 1
e�γs (1)

where Qout is the output material flow rate and is equal to the product of
the cross-sectional area of the extruded rod, Aout , and the axis printing
speed, vel. For our application, the input, U, is the pressure signal applied
to the ink syringe. The system gain, K, is the ratio of the magnitude of the
steady-state step response to the magnitude of the step input; the time
constant, τ, is the time it takes for the system’s response to reach 63% of
its steady-state value; and the extrusion delay, γ, is the time delay be-
tween when a signal is sent to the pressure regulator and when material
starts extruding.

We present a time domain system identification experiment to iden-
tify the parameters of the first order approximation. System identification
is a technique to build mathematical models of dynamic systems using
measurements of the system’s input and output signals [40]. The pro-
posed system identification experiment involves two experimental tests.
The first test is performed to approximate the extrusion mechanism
delay. The reference trajectory for the first test is a straight line, single
axis motion with length L and constant velocity. The pneumatic input is a
pulse input with a constant pressure value commanded to the pressure
controller for the entire movement (Fig. 5). The axis moves a distance L,
but due to γ, the total filament length is less than L. We estimate the
extrusion delay by comparing the total axis movement to the total length
of the filament extruded, which is described in more detail in Ref. [30].
Fig. 4. Velocity (left) and pressure (right) tests to
determine the relationship between control input
modifications and material filament widths. The
experimental data points are plotted as circles, arrows
or triangles, and the dashed lines are the model fits.
We fit the experimental data in our operating range
with lines on the pressure vs. width image (right), to
determine the slope which is used in material
correction. We fit the velocity vs. width experimental
data (left) in our typical printing speed operation
range (3–5 mm/s) to compare slopes between the two
curves.



Fig. 5. Pressure input signals for the two system identification tests. The pres-
sure is turned on for the entire 7.5 s motion for Test 1 to determine the material
extrusion delay. The pressure is turned off 0.5 s before the end of motion in Test
2 to determine material drag.
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The second test is similar to the first except the pressure input signal is
shut off during the last 0.5 s of motion (Fig. 5). We use a 3x3 factorial
design and perform both tests at three pressures ðPr¼ 12;13;16 psiÞ and
three speeds ðvel ¼ 3;4;5 mm=sÞ. We select the pressure and speed
combinations from Fig. 4 that result in the desired filament width range.
We measure the material behavior by scanning over the deposited fila-
ment with the laser scanner. In our previous work [30], we projected the
laser scanner data onto the XY plane to determine the filament width.
Here, we analyze the scanner data in the XZ plane to determine the
cross-sectional area in order to calculate the volumetric flowrate. The
ideal cross-sectional area, Aref , is a circle with a radius equal to half the
nozzle size. However, extrusion of yield-pseudoplastic material usually
results in spreading after extrusion from a cylindrical nozzle [1]. For our
material we choose to fit the XZ cross-section with an ellipse (Fig. 6),
which is consistent with the literature for similar printing applications
and material systems [41,42]. The cross-sectional area is computed as

Aout ¼ π*a*b (2)

where a and b are the major and minor axis of the ellipse. The custom
image processing script steps through the scanner data along the Y axis
and calculates Qout by multiplying Aout by the axis speed for that partic-
ular experiment. We then use a built in MATLAB function called ‘procest’
to estimate the parameters of GðsÞ, which requires the experimental input
and output data and assumed model structure as inputs. The input data is
the pressure input signal, the output data is Qout , and the assumed model
structure is listed in (1). The MATLAB scripts required for laser scanner data
5

analysis are posted on GitHub under the following repository: ‘aaarmst2/
process-control-bioprinting’.

The system identification results are shown in Fig. 7, which includes
the first order system parameters determined by fitting the transfer
function model in equation (5) to the experimental data. The purpose of
Fig. 7 is to illustrate the results of the system identification tests and to
compare the transfer function fits (solid line) to the experimental data
(dots). The input and output gains are not necessarily the same for most
systems, and the goal with control design is to design a controller such
that the output of the system has the same gain as the input. In this paper,
our method is iterative and improves the output behavior with each
iteration.

The desired material flow rate is the product of the desired cross-
sectional area, Ades ¼ πðNS2 Þ2; and the printing speed: Qref ¼ Adesvel.
Both columns present the same data, but the left column fixes the speed
and varies the pressure while the right column fixes the pressure and
varies the speed.

The model responses, shown as solid lines, were calculated by using
the transfer functions in simulation to determine the predicted response
to different inputs (black dashed lines). The experimental data agrees
well with the continuous time models and there are consistent patterns
across all speeds and pressures. For the same speed, a larger input pres-
sure results in a smaller extrusion delay, γ, a smaller time constant, τ, and
a larger gain, K. For the same pressure, a larger speed results in a larger
extrusion delay, a larger time constant, and a smaller gain.

5. Control design

While models certainly help with selection of initial control variables,
modeling and control of extrusion dynamics is difficult due to the
nonlinear behavior of yield-pseudoplastic fluids and challenges with
process sensing. Relying solely on a material model may result in a final
part with significant dimensional errors since the model can’t precisely
predict the material behavior during extrusion [43]. The material
behavior varies between different batch manufacturing runs [33,38,43].
The uncertainty in material behavior necessitates the use of process
control. In this section we outline the steps we perform to generate a time
varying control input to achieve spatially varying filament width using
the static material models. After initial fabrication of a part using this
control input, we implement our process monitoring and control method
[30] to further modify the control input and improve filament width
control for the second round of fabrication.
5.1. Initial control input for iteration 1

The first step of control design requires the material information from
the static material models presented in Section 4. Without control design,
the user can only command a constant pressure input signal along the
trajectory, shown as a gray solid line in Fig. 8. Control design using the
material information from Section 4 enables us to intelligently vary the
pressure input or axis speed along the trajectory to achieve varying
filament width. In this work, we choose to keep the velocity constant
Fig. 6. Laser scanner data of a fabricated rod. Left:
3D laser scanner data. Right: cross-sectional area at a
particular Y location. The laser scanner data is shown
as red dotted lines, the center point is marked by a
cyan blue asterisk, and the ellipse fit is shown in
green. The ellipse is characterized by the major and
minor axes, which are labeled as a and b, respec-
tively. The sensor artifacts are highlighted by blue
dashed arrows on either side of the ellipse fit. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)



Fig. 7. System identification results comparing the
experimental data with the model simulation for
various speeds and pressures. The left column fixes
the speed and varies the pressure. The right column
fixes the pressure and varies the speed. The legends
are at the bottom of each column. The experimental
data are shown as circles, triangles and arrows. The
model data, determined by simulation, are shown as
solid lines. We include the desired material flow rate,
Qref , as a dashed line on each of the figures. The three
model parameters in Equation (1) are listed on each
plot and are color coded. (For interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article.)
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throughout the trajectory and instead vary the pressure input for to
control the filament width since the slopes of the pressure vs. width
curves (Fig. 4) are larger than the velocity vs. width curves in our
operating range (2–4 mm/s). The trends of the dynamic material models
discussed in Section 4 are also more pronounced when we keep the speed
constant and vary the pressure (Fig. 7). Both of these results imply we
havemore range of control of the rod width by using pressure as the input
compared to velocity, which is consistent with other studies [1,5,25].

To fabricate the functionally graded scaffolds in Fig. 2, with filament
widths between the NS to 1.75 times the NS, we select a printing speed of
3 mm/s and a pressure range of 10–15 psi based on the static material
models in Fig. 4. The initial time varying pressure input signal used to
fabricate iteration 0 for each layer pattern follows the desired time-
varying width are shown in Fig. 8. We use the initial time-varying
pressure input signals, which are shown as black dashed lines, to fabri-
cate iteration 1 of each scaffold pattern. We discuss how we determine
the modified control inputs for fabrication of iteration 2, which are
shown as red lines, in the next subsection.

5.2. Material correction for iteration 2

The static material models provide starting points for the original
6

pressure inputs for each scaffold pattern. However, additional process
control and material correction is required to monitor material behavior
during fabrication due to the nonlinear material behavior, and since
fabrication patterns like tight angles or turnarounds can cause material
buildup. The main goal of our technique is to use the process feedback
from the laser scanner to modify the control inputs and achieve the as-
designed, spatially varying filament width. Process control enables us
to correct for regions with material overbuild or underbuild by
decreasing or increasing the pressure.

After fabrication of iteration 1 using the original pressure input sig-
nals shown in Fig. 8, we implement the process monitoring and control
tool presented in Ref. [30] for material correction and to further improve
filament width control. We calculate the filament width error by
comparing the scanner data to the desired spatially varying filament
width. We then modify the pressure input in proportion to the width
error to determine the pressure input for iteration 2 using the material
information from Section 4:

P2ðtÞ¼P1ðtÞ þ mewðtþ γÞ; (3)

where P2ðtÞ is the time varying pressure input for iteration 2, P1ðtÞ is the
pressure input for iteration 1, m is the slope of the pressure vs. width



Fig. 8. Pressure input signals for iterations 0, 1 and 2.
Scaffold 1 and Scaffold 2 refer to the functionally
graded scaffolds in Fig. 2. The constant pressure input
signal for fabrication of iteration 0 is a gray solid line,

, the pressure input signal for iteration 1 is a black
dashed line, - - - , and the pressure input signal for
iteration 2 is a red solid line, . The pressure input
signal for Layers 1 and 2 for Scaffold Pattern 1 are the
same and are shown in the top row as black dashed
lines. The pressure input signals for Layers 1 and 2 for
Scaffold Pattern 2 are shown in the bottom row also
shown as black dashed lines. (For interpretation of
the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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static material model in Fig. 4, ewðtÞ is the width error, t is the time
duration, and γ is the material extrusion delay from the dynamic material
model presented in Section 4. P1 for each layer pattern is shown as black
dashed lines and P2 for each layer pattern is shown as red solid lines in
Fig. 8. The slope of the pressure static material model, m, is used to
convert the filament width error inmm to units of psi,which is then added
to the existing pressure input signal. We also use the material extrusion
delay, γ, from the dynamic material models (Fig. 6) to determine at what
time the pressure input signal should be reduced so that the error
correction occurs at the correct location. Thus, the adjustments in the
pressure input signal are shifted back in time by γ seconds to compensate
for the material extrusion delay. Between iterations 2 and 1 we modify
the pressure inputs based on the performance of the previous iteration,
Fig. 9. Fabricated scaffold patterns. Iteration 0 is the fabricated pattern with a con
pressure signal. Iteration 2 is the fabricated pattern after implementation of the pr
material fabrication. Each scaffold pattern contains a lead in line before starting the
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which helps compensate for model uncertainty [44]. The modified
pressure input signal is shown as a red line in Fig. 8, and the insets
demonstrate that we reduce the pressure input at turnarounds to reduce
the amount of material buildup. The results of implementing this
correction are presented in Section 6.

6. Printing results

To demonstrate the effectiveness of the proposed method, we fabri-
cate the functionally graded scaffold patterns illustrated in Fig. 2. The
fabricated scaffolds for Scaffold Patterns 1 and 2 are shown in Fig. 9. All
scaffolds include lead-in lines before the start of the scaffold in order to
improve material flow during printing and to get rid of any possible air
stant pressure signal. Iteration 1 is the fabricated pattern with a time varying
ocess monitoring and control method to adjust the pressure input to improve
print.
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bubbles. The scaffolds labeled as ‘Iteration 0’ are the patterns fabricated
without process control using the constant pressure input signal shown as
a gray solid line in Fig. 5. The scaffolds labeled as ‘Iteration 1’ are the
patterns fabricated with the initial control design using the time varying
pressure input signals shown as black dashed lines in Fig. 5. Finally, the
scaffolds labeled as ‘Iteration 2’ are the patterns fabricated after imple-
mentation of process monitoring and control using the modified pressure
input signals shown as red solid lines in Fig. 5. The modified pressure
input, P2ðtÞ, compensates for the material overbuild by reducing the
pressure input at these regions.

The filament width error is calculated point wise in space along the
reference trajectory [30]. There is significant improvement between it-
erations 0 and 1 for both scaffold patterns. For Scaffold Pattern 1, there is
more width error for iteration 1 in Layer 2 relative to Layer 1. Thus, the
pressure signal for Layer 2 is reduced more than the pressure signal for
Layer 1 (Fig. 8). For Scaffold Pattern 2, there is more width error for
iteration 2 in Layer 1 relative to Layer 2. Thus, the pressure signal for
Layer 1 is reduced more than the pressure signal for Layer 2 (Fig. 8). After
implementation of the process monitoring and control method, there is
additional improvement in filament width control between iterations 1
and 2 for both scaffold patterns which results in more precisely defined
porosity patterns.

To quantify the filament width control improvement between itera-
tions and to assess the accuracy of the printed parts, we use the two-norm
of the filament width error, ew;it2; to evaluate the size of the error vectors.
A reduction in the two-norm implies less overall filament width error
throughout the part. Comparing iterations 0 and 1, there is a 76% and
71% reduction in the error two-norm for Scaffold patterns 1 and 2,
respectively. Comparing iterations 1 and 2, there is an additional 32%
and 28% reduction in the error two-norm for Scaffold patterns 1 and 2,
respectively.

To compare filament width improvement between iterations, we
define the error differential, Eit , as:

Eit ¼ ew;it � ew;it�1;

where ew;it is the filament width error at a given iteration, it. For example,
E2 is defined as E2 ¼ ew;2 � ew;1 and defines the error improvement be-
tween iterations 2 and 1. The steps to determine the filament width error
are discussed in detail in Ref. [30]. The magnitude of the error differ-
ential between iterations 0 and 1 and iterations 1 and 2 are plotted
spatially along the reference trajectories of each layer in Fig. 10. The
color shading shows the magnitude of the error differential at each point
on the reference trajectory with the scale bar on the right-hand side,
where a darker red color indicates a larger error improvement. The plots
in the top row demonstrate there is significant improvement between
iterations 0 and 2. The plots in the bottom row demonstrate the additional
improvements after application of the process monitoring and control
method between iterations 1 and 2.

7. Discussion & conclusion

The accuracy of current bioprintingmethods is limited due to a lack of
process monitoring and control methods to monitor fabrication and
correct for defects. A better understanding between process parameters
and printing outcomes improves printing accuracy. This work presents
simple ink characterization experiments to generate a process map in
order to investigate the relationship between two printing parameters,
pressure input and print speed, and the width of the filament extruded
through a nozzle. We also present two methods to develop static and
dynamic material models that include material properties required for
control design. We modify models from the literature and demonstrate
how they can be implemented in practice to improve control design. The
method presented in this work enables a new level of complexity in
filament fabrication which is important for regenerative medicine since
tissues have complex and hierarchical structures.
8

The static material models approximate how changes in the pressure
and velocity inputs affect the filament width. The results (Fig. 4) are
consistent with previous studies [25] where the filament width decreased
with increasing deposition speed and decreasing pressure. Moreover, the
shape of the velocity curve, which implies the velocity input has a smaller
sensitivity relative to the pressure input, is similar to the results pre-
sented in Refs. [1,5,25]. Similar to Ref. [25], our material system dem-
onstrates a higher sensitivity with the pressure input. Thus, for control
design we choose to keep the velocity constant and vary the pressure
input to control the filament width. The data from the pressure vs. width
curve guides the initial design of the time-varying pressure inputs to
fabricate iteration 1 of the functionally graded scaffolds.

We use information from both the static and dynamicmaterial models
to implement process control. We use the slope of the pressure vs. width
curve,m; to convert the filament width error in units of mm to units of psi
to generate the modified pressure input, P2ðtÞ, for fabrication of iteration
2. The dynamic material models provide three pieces of information
about the material during fabrication for a given pressure and velocity
input: the gain, K, the time constant, τ, and the extrusion delay, γ. We use
two of these parameters, K and γ, since the system gain is related to the
slope of the pressure vs. width curves and the extrusion delay determines
at what time we should modify the pressure input signal. The slope of the
static model, m; then determines how much we should modify the
pressure input signal. Using two of the three model parameters in the
process and control step was sufficient to improve material fabrication
with a 32 and 28% reduction in filament width error between iterations 2
and 1 for Scaffold Patterns 1 and 2, respectively. Future work will
incorporate the time constant into the process control method.
Compensating for the time constant with control design, for example, can
help improve regions with sharp transitions between regions with small
and large widths. The time constant can also be used as a means to
evaluate or improve new materials for fabrication. Future will also use
the extrusion delay and time constant to improve the start and stop of ink
extrusion, which would remove the lead in lines from fabricated
structures.

In this work we used linear material models for both the static and
dynamic models to approximate the nonlinear material behavior. There
are more complicated, nonlinear models in the literature, but nonlinear
models are not conducive to simple control design. The addition of
process sensing and control helps correct for some of the inherent
modeling error with linear models.

This study presents the concept and methodology, and we demon-
strated process improvement for a calcium-phosphate based material
system. Future work could apply the method using different materials
with detailed rheological data to compare the efficacy across a wider
range of materials.

This work uses a non-contact laser scanner to enable process sensing.
The sensing process and data collection are relatively simple and quick.
There are, however, limitations in the sensor’s capabilities. The laser
scanner uses the principle of triangulation to reproduce the surface
profile. The scanner projects a laser sheet on the target object, and the
light reflected back to the scanner is mapped onto a light-receiving
element to determine the object’s distance from the scanner. Since the
extruded filament is cylindrical, the bottom of the cross-sectional ellipse
cannot be measured and the scanner data includes sensor artifacts on
either side of the ellipse (Fig. 6). We confirmed the artifacts by scanning
over a circular rod with a known circular cross section and the data had
the tails present on both sides (data not shown). We compensate for this
sensing limitation by fitting the data with an ellipse.

In addition to the iteration-to-iteration process outlined in this work,
the laser scanner data could be used as direct feedback within each
iteration to respond to deviations from the intended print trajectory and
iteration varying disturbances. The coupling of this in-situ process
monitoring and the iteration-to-iteration correction would further
enhance the spatial material placement. This coupling and real-time
process control, however, requires additional data processing and



Fig. 10. Error differential plots comparing iteration 0 to iteration 2 (top row) and iteration 1 to iteration 2 (bottom row). The magnitude of the error differential at
each point on the reference trajectory is presented as a color shading with the scale bar on the right side. A darker color represents a larger magnitude implying a larger
improvement at that specific location. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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implementation complexity outside the scope of the current work.
In conclusion, instead of relying on rheological data, we present ex-

periments to determine a process map and material models to better
understand how modifying the process parameters affect the material
filament width. We then use the material models in control design to
enable precise fabrication of parts with spatially varying widths. We
implement process control to improve filament width control throughout
the part. Critical locations such as tight corners need more effort to
identify the proper changes in process parameters to avoid excessive
accumulation of material in those areas.

While we apply the method to a specific extrusion printing system,
the steps outlined in this paper can be applied to other extrusion printing
platforms in order to improve printing accuracy of complex parts with
varying filament widths. Researchers can perform the experiments in
Section 4 with their material to determine the relationship between
printing parameters and the process variable of interest and thus deter-
mine the range of feasible control inputs. Accurate filament deposition
requires a way to infer what the machine settings should be in order to
achieve the desired material behavior. The experiments presented in this
work provide information that will help guide the selection of time-
varying control inputs to enable fabrication of more advanced struc-
tures with spatially varying features.
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