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A B S T R A C T

In material extrusion additive manufacturing, the extrusion process is commonly controlled in a feed-forward
fashion. The amount of material to be extruded at each printing location is pre-computed by a planning
software. This approach is inherently unable to adapt the extrusion to external and unexpected disturbances,
and the quality of the results strongly depends on a number of modeling and tuning parameters. To overcome
these limitations, we propose the first framework for Force Controlled Printing for material extrusion additive
manufacturing. We utilize a custom-built extruder to measure the extrusion force in real time, and use feedback
on this quantity to continuously control the material flow in closed-loop. We demonstrate the existence of a
strong correlation between extrusion force and line width, which we exploit to deposit lines of desired width
in a width range of 33 ~ up to 233 ~ of the nozzle diameter. We also show how Force Controlled Printing
outperforms conventional feed-forward extrusion in print quality and disturbance rejection, while requiring
little tuning and automatically adapting to changes in the hardware settings. Our results demonstrate that
Force Controlled Printing can deposit lines of desired width under severe disturbances in bed leveling, such
as at layer heights ranging between 20 ~ and 200 ~ of the nominal height.
1. Introduction

Additive Manufacturing (AM), commonly known as 3D printing, is
a prominent technique that enables manufacturing of 3D objects with
complex geometrical features by depositing material layer by layer.
Material extrusion additive manufacturing [ 1], also known as Fused
Filament Fabrication (FFF), or Fused Deposition Modeling (FDM), is
one of the most widespread AM techniques [2] due to its accessibility
and versatility. It is used in rapid prototyping and small-lot manu-
facturing in a variety of sectors and is popular among professional
users as well as hobbyists. In FFF, a feedstock thermoplastic material
(generally in the form of a filament) is pushed by a filament-driving
wheel into a heated nozzle, from which the material exits as a melted
plastic bead. This assembly, called an extruder, is moved in space
by a set of numerically controlled motion drives to deposit plastic
at desired locations and form the final part [ 3]. A software known
as slicer is used to produce commands for the printer. Based on the
desired geometry and various settings, the software computes the set

< Corresponding author at: Automatic Control Laboratory, ETH Zurich, Physikstrasse 3, 8092, Zurich, Switzerland.
E-mail addresses:xaguidetti@control.ee.ethz.ch (X. Guidetti), nathan.mingard@students.fhnw.ch (N. Mingard), rcruzoliver@student.ethz.ch
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(E.C. Balta), lygeros@control.ee.ethz.ch (J. Lygeros).

of trajectories required to produce a part. One central challenge lies in
designing the commands sent to the extruder motor, which have to be
synchronized with the machine motion to take into consideration the
dynamics of the extrusion process to achieve high-quality results [ 4].

Numerous works have developed models of the extrusion process
dynamics [5� 7], and used them to optimize the feedforward input
sent to the machine to improve performance [ 8� 10]. Particularly when
targeting high geometrical accuracy, it was shown that performance
can be improved with accurate geometric modeling of the deposited
material beads as a function of the print parameters [ 11,12]. These
approaches, however, suffer from the classical limitations of feed-
forward planning [ 13]. The pre-computed commands do not adapt to
changes in the printer dynamics or material properties, are highly sus-
ceptible to external and unexpected disturbances, and strongly depend
on calibration and modeling. The complex and non-linear nature of the
extrusion process especially amplifies the modeling-related issues.
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Despite the evident shortcomings of feed-forward printer control,
this technique remains state-of-the-art in FFF due to the complexities
of collecting real-time process measurements for closed-loop control.
To this end, numerous recent works explore the field of in-situ moni-
toring for FFF at different time-scales [ 14]. In-situ monitoring has been
demonstrated and applied in 3D printing health management [ 15],
quality monitoring [ 16], clog detection [ 17], process monitoring [ 18],
and anomaly detection [ 19,20]. Despite the recent developments in
process monitoring in practice and literature, however, online control
of FFF is lagging, with applications limited to slower control time
scales. For example, measurements conducted in between the depos
tion of two layers have been used for layer-to-layer accurate process
modeling [ 21] and optimal parameter adaptation [ 22]. Layer-to-layer
approaches collect data and apply correction only at a low sampling
rate between the layers. As a result, while these approaches are a
step forward from purely open-loop feed-forward control, they remain
inefficient against fast-acting run-time disturbances in the extrusion
process during the deposition of a layer.

When designing a fast and accurate printing process, counteracting
disruptions in the material flow and deposition is required to produce
high-quality parts [ 23� 25]. Recent studies have begun investigating
the possibility of collecting high-frequency measurements about the
extrusion process itself, such as the material flow in the nozzle [ 26],
the force measured in the extruder while printing in the air [ 27], or the
filament feed [ 28]. Furthermore, some works have conducted closed-
loop control of the extrusion process based on run-time data measured
while printing [ 29,30]. These studies have focused on avoiding slippage
between the driving wheel and the filament; while this represents
an improvement in process control, the measurements utilized are
not able to fully characterize the extrusion process. Specifically, by
measuring the filament feed, it is not easily possible to characterize the
disturbances that the interactions between the filament and the nozzle
or print bed may cause.

In this work, we propose the first framework for Force Controlled
Printing (FCP) for FFF. We develop a custom-built and highly sensitive
sensor configuration for FFF and utilize it to collect run-time informa-
tion that characterizes the extrusion process and run-time disturbances.
We abandon the existing open-loop approach to extrusion planning in
favor of closed-loop control based on the force required to extrude ma-
terial. Technical aspects related to controller tuning are available in our
preliminary study [ 31]. We use a high-performance extrusion controller
to demonstrate and study the advantages of FCP over conventional FFF
The main contributions of this work are:

* The introduction of a novel FCP hardware setup and framework for
FFF;

* The illustration of a disturbance-free method to print lines of desired
width in a wide width range;

* The experimental demonstration that FCP outperforms conventional
FFF in print quality and disturbance rejection across practical use
cases such as inconsistent layer heights within a layer, extruder drive
slippages, and surface defects.

The paper structure is as follows: Section 2 introduces the material
utilized and details the sensing and control configuration for FCP; in
Section 3 we tune and validate the FCP controller; finally, Sections 4
and 5 showcase the obtained results and discuss them.

2. Material and methods

2.1. Material

While our FCP framework is general and applies to any material
(after proper parameter tuning and process design), in this study we
concentrate on Liquid Crystal Polimers (LCP). The possibility to utilize
this material in FFF has been first introduced in [ 32], and LCP filaments
are currently commercialized by NematX AG1 under the name Nema

1 https://nematx.ch .
��
Fig. 1. Schematic representation of the sensing extruder. The torque sensor is used t
characterize the extrusion process.

HSS. They are used in high-performance applications requiring high
precision or mechanical strength [ 33]. LCPs are composed of aromatic
thermotropic polyesters that self-assemble into nematic domains when
heated above their melting temperature. In each nematic domain, the
molecules have their long axes arranged in parallel. Extrusion through
a thin heated nozzle was shown to produce global alignment of the
molecules since the deformations produced during the extrusion align
the nematic domains in the direction of extrusion. After cooling, the
monomers are frozen in place and remain aligned in the axial direction
of the deposited line. This confers extraordinary mechanical properties
to LCP printed parts when mechanical stress is applied in the direction
of filament deposition (see Fig. 3 of [ 32]). However, LCPs are sensitive
to the parameters utilized during the extrusion process and during the
filament deposition [ 22]. Additionally, both over- and under-extrusion
have been shown to strongly affect the mechanical properties of printed
parts [22,34]. Thus, it is of crucial importance to control perfectly the
extrusion process and the amount of deposited material to fully exploit
the properties of LCPs and produce high-end components.

2.2. Methods

2.2.1. Extrusion force
To feed filament into an extruder, a driving wheel in contact with

the filament is actuated by a motor (see Fig. 1). As the wheel rotates at
a given speed, a feeding forceFe is applied to the filament. This feeding
force is counterbalanced by several opposing forces [23]. Simplifying
the extrusion process and defining the filament displacement direction
as the Z -axis, the following force equilibrium holds

Fe = . Ft + Fp/ + Fs = Fn + Fs ; (1)

where Ft are forces due to tangential stresses on the inside of the nozzle
in the Z-direction, Fp are surface forces in the Z-direction produced
by restrictions in the nozzle (such as the nozzle cone), and Fs is
the normal force produced by the print bed (or substrate) on the
melted filament [ 27]. We regroup Ft and Fp in Fn which represents the
forces produced by the filament-nozzle interaction, in the Z-direction.
Ultimately, the force Fe required to move the filament through the
heater and nozzle and to press the plastic bead on the print bed will
depend on extrusion-related parameters (such as material feed rate
temperature, and filament and nozzle geometry, whose effect appears
in Fn), and on substrate related parameters (such as layer height, print
bed leveling, and substrate roughness, whose effect appears inFs).

2.2.2. Sensing extruder
To obtain real-time measurements that characterize the extrusion

process, we have developed an extruder assembly that includes a

https://nematx.ch
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Fig. 2. Block diagram of the closed-loop extrusion control scheme utilized in Force
Controlled Printing.

custom-built torque sensor. The printer head is represented schemati-
cally in Fig. 1. Unlike conventional extruders, where the hot end(heater
and nozzle) and the cold end (filament driving wheels and motor) are
rigidly connected to each other, we utilize a configuration where the
cold end is attached to the rest of the extruder assembly through a
sensor. In particular, the driving wheels and motor are mounted on
the free end of a lever whose pivot comprises a torque sensor. During
extrusion, as the filament driving wheel rotates, a force Fe (see Eq.(1))
is applied onto the filament. This force is matched by a reaction force

F = Fe (2)

of opposite direction which pushes the cold end away from the hot
end. Our extruder configuration enables one to compute this reaction
force acting on the cold end by measuring the torque at the lever pivot
point as F = � _l , where the torque is denoted as � and the lever
length as l . The hot end is rigidly connected to the printer body and,
consequently, the printing quality under nominal conditions is identical
to the one achieved on a standard commercially available extruder.
This is not the case with existing setups. For example, in [27] the hot
end is appended to a force sensor and can thus move; in addition, the
measurements are affected by the contact between the nozzle tip and
previously deposited material. In [ 18], a pressure sensor is installed
in the nozzle to retrieve information about the extrusion process. This
configuration is mechanically identical to a conventional extruder, but
the sensor is cumbersome and its sensing interface (which creates shar
edges inside the nozzle) is known to interfere with the flow of technical
polymers.

2.2.3. Extrusion control
In the conventional open-loop approach to FFF, the filament flow

rate is precomputed offline by software (generally known as a slicer)
that calculates the theoretically required amount of material as a func-
tion of various parameters, such as layer height, nozzle diameter, print
speed, and line width. The calculated flow rate (matched with a motion
trajectory) is given to the machine as a sequence of instructions, which
the printer follows to produce a part. The performance achievable by
this approach is inherently limited by its open-loop nature, as discussed
in Section 1. Here, we propose a method for closed-loop control of
extrusion, where the filament flow rate is computed online based on
the reaction force produced while printing.

Fig. 2 shows the closed-loop control block diagram which we use
to print at a desired reaction force. Feedback from the torque sensor is
used to compute the difference between a reference reaction force and
the measured reaction force. Based on this difference, the controller
adapts the material flow rate. Intuitively, if the measured reaction force
drops below the reference, a higher material flow rate is requested; con-
versely, when the measured reaction force is larger than the reference,
the material flow rate is reduced.

To achieve satisfactory performance, we use a proportional�
integral�derivative (PID) controller [ 35] that has been modified to
include two derivative terms. One derivative term is applied directly
to the error derivative, and the second derivative term is applied to
��
Fig. 3. Custom-built FFF printer used for Force Controlled Printing.

a down-sampled version of the same signal. This choice is motivated
by the observation that the disturbances in the printing process stem
from two sources: the faster machine motion system (characterized
by a small time constant) and the slower filament extrusion system
(having a larger time constant). With our controller, the standard
(more responsive) derivative will account for the disturbances in the
former system, while the down-sampled (more damped) derivative will
account for the disturbances in the latter. On a discrete-time system,
this controller can be implemented iteratively as

v[k] = Kpe[k] + K i ei [k] + Kded [k] + Kddedd[k] ; (3)

where

e[k] = Fr * F [k] ; (4)

ei [k] = ei [k * 1] + . t[k] * t[k * 1]/ e[k] ; (5)

ed [k] =
e[k] * e[k * 1]
t[k] * t[k * 1]

; (6)

edd[k] =
e[k] * e[k * d]
t[k] * t[k * d]

: (7)

We have used Fr to denote the reaction force reference, F for the
measured reaction force, and t for the clock time. The control input
v corresponds to the velocity at which we actuate the filament driving
wheel in the extruder. The notation �[k] indicates that a variable has
been measured or computed during the last iteration of the controller;
�[k *1] corresponds to the previous iteration, and �[k * d] to d iterations
in the past. Kp, K i , Kd , Kdd and d are the controller tuning parameters
that correspond to the proportional, integral, derivative, down-sampled
derivative and the down-sampling rate respectively.

2.3. Experimental setup

Prints were conducted on a custom-built Cartesian FFF machine
actuated by Linax linear motors. The motors have a maximum speed
of 2 m_s, a maximum acceleration of 40 m_s2 and an accuracy of 1 �m .
The LCP material was printed by using a Mellow Sherpa Micro extruder
(with LDO-20-8T stepper motor) customized as detailed in Fig. 1. The
complete hardware setup is shown in Fig. 3. During all experiments,
unless otherwise specified, we utilized a nozzle diameter (and nominal
line width) of 0:15 mm, a nominal layer height of 50 �m, a feed rate
of 100 mm_s, a nozzle temperature of 300°C, and a bed temperature
of 170°C. The torque sensor utilized to measure the reaction force
is a custom sensor produced by Bota Systems AG.2 The system is
controlled by a programmable logic controller (PLC) using Beckhoff 3

software connected to a computer running ROS2 [36]. Details about

2 https://www.botasys.com/ .
3 https://www.beckhoff.com/ .

https://www.botasys.com/
https://www.beckhoff.com/
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Table 1
Controller parameters used for prints conducted at a feed rate of 100 mm_s, a
temperature of 300°C and with a nozzle diameter of 0:15 mm.

Kp K i Kd Kdd d

44.72 7.22 2.25 1.12 10

Fig. 4. Snake trajectory, used as a benchmark. The trajectory is a continuous raster
composed of 40 equally spaced40 mmlong lines (oriented in the X direction) connected
by a 1 mm long segment (in the Y direction). Printing begins at X = *20 mm ; Y =
*20 mm, and finishes at X = *20 mm ; Y = 19 mm.

the configuration can be found in [31]. All the part measurements and
pictures were obtained with a Keyence LM-X100L digital microscope,
set at a 200• magnification. The microscope software was used to
measure the width of individually printed lines by using edge detection.
Measurements were executed in high-precision measurement mode
with a measurement accuracy of 0:7 �m .

3. Calculation

3.1. Controller tuning and validation

We tune the extrusion controller to track a constant reaction force
reference while rejecting disturbances. During a print, a well-tuned
controller minimizes the accumulated difference between the measured
reaction force F and the reaction force reference Fr . Formally, we
compute the controller performance during a print where K total force
measurements are recorded as the root-mean-square-error (RMSE)

J =

v
³ K

k=1

�
Fr * F [k]

� 2

K
: (8)

or a fully specified set of trajectories, machine feed rate, extrusion
emperature, nozzle diameter, and reaction force reference, the optimal
ontroller is the one minimizing J . In this work, we carefully tune
he controller to achieve low values of J during the general use of
he printer (i.e. printing various shapes at a reaction force reference
f 0:2 N) with a fixed feed rate, extrusion temperature, and nozzle
iameter. The tuning is conducted using the automated method in [31].
he optimal controller parameters are listed in Table 1.

To validate the tuning and demonstrate the performance of the
elected controller, we print the same trajectory twice, first using the
onventional open-loop approach, and then with the tuned closed-
oop controller. The open-loop print acts as a benchmark showing
he performance of a non-controlled conventional print. The printed
rajectory is shown in Fig. 4, and the two approaches deposit beads of
��
Fig. 5. Comparison between the measured reaction forces during conventional printing
and Force Controlled Printing. Both experiments were conducted on the same trajectory
(Fig. 4) at a feed rate of 100 mm_s, a temperature of 300°C, a layer height of 50 �m,
and with a nozzle diameter of 0:15 mm. Note that the force reference is not used by
the open-loop print.

comparable width (approximately 0:075 mm). We compare the reaction
orce measurements obtained during two experiments in Fig. 5. In
he open-loop case, the material flow rate is constant throughout the
rint, as the extruder motor rotates at a constant speed selected offline
y a standard slicer. The reaction force measurement reflects the fact
hat the conventional open-loop approach produces long-lasting force
ransients: the extrusion force cannot reach a steady state in the time
equired to print the trajectory (the implications of this phenomenon
re discussed in Section 5). In FCP, the tuned controller continuously
dapts the extruder motor speed to maintain the reaction force close
o the reference of 0:20 N. Other than slight disturbances caused by the
tart and the end of the print, the measured force generally tracks the
eference closely. During the print, the closed-loop experiment has a
MSE= 9:14 • 10*3 N, or 4.6% of the reference magnitude, indicating

that the controller is adequately tuned. The open-loop approach to
extrusion is solely based on the theoretical calculation of the material
flow rate required to produce a desired bead width, for a given bead
height and printing feed rate. As the method is completely unrelated
to following a reference reaction force, computing J for the open-loop
case is meaningless.

4. Experiments and results

To evaluate the performance of FCP, we have designed a set o
experiments that highlight the different advantages of this approach.
First, we demonstrate the existence of a strong correlation between
the measured reaction force and the width of a deposited line. Then,
we show how controlling the extrusion to maintain a constant reac-
tion force during the print allows one to deposit lines of predefined
width even at inconsistent layer heights. Finally, we show how the
proposed method consistently produces high-quality parts under sig-
nificant disturbances caused by filament slippage or incorrect print bed
leveling.

4.1. Line width to force correlation

The first study focuses on analyzing the correlation between the
reaction force measured with our setup and the printed line width.
This is a key step in characterizing the geometrical properties of printed

parts via in-situ measurements, enabling the design of in-layer control
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Fig. 6. Measured line width and corresponding reaction force obtained in five
separate experiments. In every experiment, a snake was printed while tracking a
different reaction force reference. Each experiment was analyzed with 140 uniformly
spaced measurements. All experiments were conducted at a feed rate of100 mm_s, a
temperature of 300°C, a layer height of 50 �m, and with a nozzle diameter of 0:15 mm.
The linear fit has R2 = 0:99 and RMSE= 9:24 • 10*3 mm.

architectures. We use FCP to print five separatesnakepatterns, each
using a different reference reaction force. Specifically, we target refer-
ences of0:15 N, 0:20 N, 0:30 N, 0:50 N, and 1:00 N. In all five experiments,
we utilize the controller that has been tuned for the 0:20 N case, whose
performance is shown in Fig. 5. The print bed is leveled and set
to achieve a constant line height of 0:05 mm, given by the distance
between the nozzle tip and the print bed, since the extruded material
fills the void between the two elements.

For each of the five experiments, we measure the deposited line
width at 140 uniformly spaced locations along the print trajectory. We
then plot each width measurement in conjunction with the reaction
force recorded while printing at the measurement location. The com-
bined results from the five experiments are shown in Fig. 6. Line width
and extrusion reaction force show a strong linear correlation, with
R2 = 0:99 and RMSE= 9:24 • 10*3 mm. The slope and intercept of the
fitted line were identified as 0:371 mm N*1 and 0:005 mmrespectively.

In the experiments conducted with a force reference of 0:30 N,
0:50 N, and 1:00 N, the performance of the controller deteriorates, and
the measurements are distributed in a wider range. This reduction
in performance is explained by the mismatch of tuning at 0:20 N and
testing at different references. Nonetheless, the linear relation between
reaction force and line width persists. This indicates that with suitable
controller tuning, such as the case for references of 0:15 N and 0:20 N,
it is possible to extrude lines of any desired constant width simply by
tracking the corresponding reaction force. This result brings in a key
insight into the material extrusion additive manufacturing literature
and provides a new framework for process design as we demonstrate
next.

4.2. Variable layer height

Next, we analyze the performance of FCP when printing in sub-
optimal conditions. In particular, we simulate the case where the print
bed is not correctly leveled and thus the distance between the nozzle
tip and the bed varies during the layer deposition. To make the task
harder, we take no corrective action while printing, and just follow
the same extrusion strategy we would use on a leveled bed. This is
analogous to the case commonly encountered in conventional printing,
in which the print bed is often warped or not parallel to the printer's
��
Fig. 7. Design of the experiment for the variable layer height study. We print the snake
trajectory on a tilted print bed and use different force references. The bed tilting is
indicated by the color gradient in the figure background. It produces a linearly variable
layer height along the X direction, ranging from a minimum of 10 �m (at X = 20 mm) to
a maximum of 100 �m (at X = *20 mm ); the layer height of 50 �m used in the previous
studies is achieved close to X = 0 mm. The variation in force reference is depicted
with a change in the stroke width size of the white trajectory line. The print begins
at X = *20 mm ; Y = *20 mm with a force reference Fr = 0:20 N, and the reference is
increased by 0:10 N every seven raster passes, producing a stepwise increase in forc
throughout the print which terminates at Fr = 0:70 N. The experiment was analyzed
by measuring at 140 uniformly spaced locations. The green square indicates the area
where the print was executed with the largest reaction force and smallest layer height.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 8. Results of the variable layer height study. Points coloring depends on the local
layer height and corresponds to the color map used in Fig. 7. Points depicted in a green
square belong to the region highlighted with a green square in Fig. 7. The parameters
of the dashed line indicating the linear relation between reaction force and line width
were identified using the data of Fig. 6 (i.e. printed at a nominal layer height of 50 �m).
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

horizontal motion plane, and the resulting continuous change in layer
height disturbs the printing process. Effects of spatial disturbances on
the print input and geometry have been previously recorded [ 21]. We
conduct experiments with different force references to observe the joint
effect of reaction force and variable layer height on the printed lines.
Fig. 7 illustrates the experimental settings used in the study.
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Fig. 9. Results of the variable layer height study, separated based on the layer height. The left and right plots depict the measurements conducted in the region with a layer
height larger than nominal and smaller than nominal, respectively.
The results are illustrated in Fig. 8. We note that the linear relation
between the reaction force and the obtained line width is essentially
not affected by the variation in layer height, as the points are well
distributed along the linear fit that was obtained in Fig. 6. One excep-
tion is produced in the region highlighted in green in Fig. 7, where the
reference force is very large and the layer height very small. The points
belonging to the highlighted region were also highlighted in Fig. 8, and
they all fail to follow the previously identified linear relation between
reaction force and line width. Specifically, we observe the limitations
of the proposed approach: when the layer height is reduced excessively,
the reaction force increase is not matched by a line width increase, as
the latter saturates. Fig. 9 demonstrates this phenomenon more clearly.
We also note that printing at layer heights larger than the nominal
height of 50 �m, the force-width linear relation is excellent. For layer
heights smaller than 50 �m, on the other hand, the line width appears
to be slightly larger than expected at low reaction forces and to saturate
at high reaction forces. This phenomenon becomes more prevalent as
the layer height becomes smaller.

To produce a clear comparison between the conventional open-loop
approach to extrusion and FCP, we have printed two snaketrajectories
on a tilted bed using the two approaches. The bed tilting was set so
that the layer height would vary linearly along the Y direction, from
a maximum of 100 �m (at Y = *20 mm , the beginning of the snake) to
a minimum of 10 �m (at Y = 20 mm, the end of the snake). For FCP,
a reaction force reference of 0:55 N was set, to obtain a line width of
0:2 mm. In the conventional open-loop approach, the extruder drive was
set to rotate at constant speed, set to match the averaged rotational
speed that FCP would utilize when printing on a flat bed, at a height of
50 �m and with a reaction force reference of 0:55 N. This makes the two
approaches extrude approximately the same amount of material in the
ideal case where the bed is well leveled at 50 �m. No corrective action
was taken in the open loop case, to emulate a scenario where the bed
tilt is accidental or unknown.

The results are shown in Figs. 10 and 11. The print begins with a
very large layer height, FCP extrudes faster to maintain the reaction
force at the reference, while in open-loop the prescribed extrusion
speed produces a lower force. In the middle of the print, where the
layer height is close to 50 �m, both approaches perform similarly as
there is little to no disturbance induced by the bed. In the final part of
the print, where the layer height is very small, the open-loop approach
produces an extremely large reaction force, and the extruder wheel was
observed to slip on the filament; FCP, on the other hand, reduces the
��
Table 2
Comparison of line width RMSE when printing on a tilted bed with Force Controlled
Printing and with conventional open-loop printing. The results reported as linear region
are computed after removing the data collected where the layer height is too small for
the linear relation between force and line width to hold. The removed data belongs to
the green overlay of Fig. 10.

RMSE [mm] RMSE change with FCP

FCP Conventional

Entire experiment 0.031 0.042 * 26%
Linear region 0.019 0.041 * 54%

extruder speed progressively to regulate the reaction force. Confirming
the previously established correlation between reaction force and line
width, FCP produces a more constant line width, as desired.

The disturbances induced by the tilted bed are rejected well with
FCP. However, it is possible to observe that very low layer heights
(which are achieved at the very end of the print, from ca. 14 sonward)
invalidate the linear relation between force and line width, as already
seen in Fig. 8. This effect reduces printing performance of FCP, which
fails to produce the desired line width in this regime. Despite this, using
the desired line width of 0:2 mm to compute the RMSE, we see that the
open-loop RMSE of0:042 mmis reduced to 0:031 mmwhen utilizing FCP.
After removing the measurements obtained in the region where the
performance of FCP is compromised, we obtain an RMSE of0:041 mm
for conventional printing and of 0:019 mmfor FCP, which corresponds
to a 54% decrease in RMSE. These results are summarized inTable 2.

4.3. Part print

In this final set of experiments, we are interested in analyzing the
performance of FCP when manufacturing a full solid 3D part. The
geometry we utilize is a right prism whose base can be seen inFig. 12(a)
and namedstar. The geometry includes regular rectangular features and
irregular shapes and corners with variable print line lengths for the
infill. This part is representative of practical geometries and is feasible
to print and analyze in our experimental setup. The printing trajectories
are generated to produce a parallel infill with lines spaced 0:15 mm, and
the printed part is composed of eight identically repeated layers. Prints
were executed using the standard settings reported in Section2.3.

The performance of FCP is compared with conventional open-loop
printing in two different scenarios. First, we artificially induce slippage
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Fig. 10. Comparison of line width, reaction force, and extruder speed for a conven-
ional and a force-controlled print of the snake on a tilted bed. The layer height is
100 �m at the beginning of the print and decreases linearly (in the Y direction of the
snake pattern) to 10 �m at the end. Measurements are plotted as a function of the
printing time to follow the data evolution as the snake print progresses. The green
overlay indicates the region where the layer height is too small for the linear relation
between force and line width to hold (as in Fig. 8).

between the filament driving wheel and the filament. Second, we
print on a poorly leveled bed. The open-loop prints utilize the g-code
file generated by a state-of-the-art commercial slicer [37]. Thus, the
extruder commands are fully synchronized with the machine motion,
as normally done in conventional FFF.

4.3.1. Driving wheel slippage
The filament driving wheel is normally held firmly in contact with

the filament by a spring-loaded screw. If the screw is not correctly
tightened, or if it becomes loose while operating the machine, there
is slippage between the driving wheel and the filament. The slippage
is more pronounced when printing at high feed rates. When slippage
occurs, a conventional open-loop extruder deposits less material than
planned, producing defects in the printed part [30,38].

In Fig. 12, we compare two prints of the star produced after in-
tentionally loosening the screw that holds the filament and driving
wheel together. The extrusion is set both in the closed-loop controller
and in the open-loop slicer to produce beads of width 0:075 mm. The
results show clearly how the part produced with open-loop printing
(Fig. 12(b)) contains numerous slippage-related defects: poor inter-
layer adhesion visible as lighter-colored halos in the center of the
part, stringing around the perimeter on top and right edges, and over-
extrusion at the intersection of infill and contour lines on the bottom-
left and left edges. None of these defects are visible in Fig. 12(a),
showing that the closed-loop print strategy successfully uses reaction
force feedback to increase the driving wheel speed and maintain the
material flow constant even under severe slippage.

This result provides a practical example of how FCP can improve the
current state of practice by enabling fault-tolerant control of FFF pro-
cesses. As slippage causes underextrusion in most cases, research a
practice have focused on detecting such regimes to correct them with
heuristic approaches. Our framework provides a structured methodol-
ogy to efficiently address such disturbances to the process by feedback
control.

4.3.2. Tilted print bed
In this comparison between conventional printing and FCP, we

print the star on a bed tilted as in Fig. 7, where the layer height
changes linearly from 100 �m to 10 �m along the X direction. Both
the closed-loop extrusion controller and the open-loop slicer are set
to produce lines of width 0:15 mm(corresponding to 100% infill). The
slicer computes the extrusion commands based on the nominal layer
height of 50 �m. The results are shown in Figs. 13 and 14.

Fig. 13 shows a magnified view of the top surface of the star, where
the precision of the part outline can be compared. FCP produces a very
regular and straight outline, and the final part has a high geometric
accuracy. With conventional printing, on the other hand, the outline
of the part appears to be wavering, producing poor surface properties
in the final part. This is due to the fact that the open-loop approach of
conventional extrusion is unable to compensate for any variation in the
printing conditions, and that even a minor mismatch in the parameters
used for extrusion planning produces over- or under-extrusion.

Fig. 14 shows selected features of thestar with strong magnification.
In particular, we observe the part side walls and the material residue
left during contour deposition. FCP adapts the extrusion process to the
characteristics of the substrate upon which the polymer is deposited.
Not only does FCP allow us to print better individual layer (as shown in
Section 4.2), but it also corrects mistakes in earlier layers by adjusting
subsequent ones. On the other hand, with conventional printing any
imperfection in lower layers propagates to higher layers. This results
in FCP producing smoother side walls (see Figs. 14(a) and 14(c)) when
compared to conventional printing. The contour lines of the top layer
(see Fig. 14(e)) appear to be of better quality than in the part produced
with open-loop printing, where over-extrusion is visible (see Fig. 14(f)).

5. Discussion

We have shown in Section 4 numerous advantages produced by uti-
lizing FCP instead of conventional open-loop extrusion. Our approach
is able to

1. Deposit lines with a desired width (over a large line width range)
by selecting the corresponding reaction force reference;

2. Maintain the correct line width while printing on a non-leveled
surface;

3. Produce high-quality prints even under significant disturbances
to the process such as driving wheel slippage; and

4. Produce parts with superior surface properties and geometrical
accuracy.

In practice, while high-quality printing is possible with a conventional
open-loop approach, this comes at the cost of repeated and time-
consuming parameter and machine tuning. The resulting performance
is strongly affected by any minor error in the tuning process and
by parametric drift in the equipment. In contrast, FCP only requires
determining the coefficient that correlates linearly force and line width
for a given material, temperature, and print speed. Then, high-quality
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Fig. 11. Comparison of line width for a conventional and a force-controlled print of the snakeon a tilted bed. The layer height is 100 �m at the Y = *20 mm and decreases linearly
(in the Y direction) to 10 �m at Y = 20 mm. The desired line width is w = 0:2 mm. The green overlay indicates the region where the layer height is too small for the linear relation
between force and line width to hold (see Fig. 8).

Fig. 12. Comparison of star prints with filament driving wheel slippage.

Fig. 13. Comparison of contour line accuracy in the star.
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Fig. 14. Comparison of part details in the star.
parts can be printed without requiring precise physical configuration
of the hardware and in a large range of conditions.

Another significant benefit of FCP is the deposition efficiency that
it can reliably achieve. In conventional printing, the nozzle diameter is
used as nominal line width and achievable line width commonly ranges
from 75% up to 125% of the nozzle diameter [ 39]. We have shown in
the experiments (seeFig. 8) that it is possible to utilize a 0:15 mmnozzle
to deposit lines of predefined width ranging from 33% up to 233% of
the nozzle diameter, significantly extending the range of line widths
achievable by a single nozzle. This marks a significant improvement
over the existing approaches, which could translate to significantly
faster print times in production. Additionally, the material flow in the
nozzle is at a steady state since the inception of the print (seeFig. 5),
eliminating the need for material purging and the start-of-deposition
defects which are typical in conventional open-loop extrusion.

All the presented results have been achieved while printing with
extremely large disturbances in the bed leveling. These modify the
measured extrusion reaction force F by acting on the Fs component
(see Eqs. (1), (2)). By regulating the extrusion feed rate to track a
constant force reference, more material is extruded when the substrate
is far from the nozzle tip and vice versa. As a consequence, we can
successfully produce the desired line width as well as high surface



X. Guidetti et al.

,

.

,

quality parts while varying the layer height between 20% and 200%
of the nominal layer height. Such disturbances have been shown to
strongly impair the performance of conventional open-loop extrusion,
both in terms of line width accuracy and part surface quality [21,
40,41]. In conventional printing, practitioners attempt to circumvent
leveling issues by performing time-consuming bed leveling routines and
using distance or contact sensors to create a height map of the print
bed for compensation. With FCP, large leveling disturbances are dealt
with automatically. Looking at Fig. 9 in detail, one can observe that
minor variations in the deposited line width are present, and that they
correlate with the change in layer height. This phenomenon could be
explained by the deposition zone pressure loss described in [40]. On a
non-leveled bed, line width variations are significantly lower than what
conventional printing would produce (as demonstrated in Table 2).
However, if higher precision is required, they could be further reduced
by using a preliminary probing of the bed and the analytical models
from [40] to generate a variable force reference. This new reference
could adapt to the changes in layer height and produce a more accurate
line width.

Our studies also highlighted the limitations of the proposed ap-
proach. We found that the linear relation between reaction force and
line width, upon which FCP is based, no longer holds when printing at
very wide lines at very small layer heights. While the physical causes
of this phenomenon remain to be investigated, this behavior is to be
expected. There is a maximum amount of material that can be forced
out of the nozzle and into a very small gap for a given printing speed;
exceeding this amount simply increases the measured reaction force
without producing an increase in line width. In practice, we have
observed this effect only when printing simultaneously below 50% of
the nominal layer height and above 150% of the nominal line width.
These restrictions do not depend on our approach, and appear to be
unavoidable consequences of the physical behavior of the extrusion
process. Understanding such limits for a given process setup could
improve process design in future work.

Another current limitation is given by the fact that the coefficients
of the linear relationship between force and line width have been
obtained on for a single set of material, temperature, and print speed.
It is reasonable to expect that modifying any of these parameters would
affect the linear coefficients, and most likely require additional experi-
ments to re-determine them. In practice, material and temperature are
kept unchanged during a print. Print speed, in conventional printing, is
often modified in different regions of the print to achieve geometrical
precision (using low speeds) or to reduce manufacturing time (using
high speeds). We have shown how FCP can produce high-precision
prints at high print speeds, and thus expect that speed variations will
be reduced when manufacturing with our proposed framework. Never-
theless, the effect of print speed on the force to line width relationship
remains a principal direction of our future research.

We believe it is important to highlight that, while the main motiva-
tion behind our approach lies in controlling the process, the proposed
sensor setup can be used for process monitoring and part certifica-
tion. By continuously measuring the reaction force during printing,
it is possible to reconstruct the properties of the deposited lines at
every location in the part. Note that this holds irrespective of the
extrusion strategy, and thus can also be applied to conventional open-
loop printing. Like many AM processes, conventional FFF suffers from
a lack of clear and widely accepted part certification strategies. It is
commonplace to perform destructive tests on a critical AM component
and assume that an exact copy of the component will perform similarly.
The limitation of this technique resides in the open-loop nature of AM
processes, which limits repeatability: it is generally hard to produce
many parts with identical mechanical properties. We claim that the use
of our reaction force sensor can advance the field of FFF part validation,
which can be achieved by verifying that collected printing data show
no anomaly. In addition, the concurrent collection of reaction force and

filament driving wheel speed signals can be used for anomaly detection
in the process, as well as for preventive maintenance to the printing
equipment.

For example, in the event of nozzle wear or clogging, the measured
reaction force deviates significantly from the values that are expected
during normal operation for a given driving wheel speed [42,43]. This
would lead the FCP framework to over-extrude in case of nozzle wear
and to under-extrude in case of clogging. In this event, an anomaly
detection algorithm that continuously compares measured extrusion
force and input speed commands would be able to suspend the printing
process and to signal the need for maintenance.

We envision another application of anomaly detection in the case
of severe slippage, where a filament grinding phenomenon takes place
[44]. We have shown in Section 4.3.1 that FCP is able to handle
properly moderate slippage cases. However, it is forseeable that the
material removal caused by grinding could affect negatively the extru-
sion process and worsen part quality. During severe slippage with FCP
the filament driving speed would grow disproportionately while the
measured reaction force remains unchanged. An algorithm detecting
this anomaly by means of a threshold on the speed to force ratio
could be used to signal this malfunction. We remark that distinguishing
slippage from nozzle wear solely based on currently available signals
might be problematic; a filament flow rate encoder would be required
in this case. Finally, slippage is more likely to take place at high
material flow rates. Thus, its incidence could potentially be mitigated
by setting an upper bound on the allowable reference force, based on
hardware limitations.

6. Conclusions

We have introduced and studied the first comprehensive framework
for Force Controlled Printing in FFF. In particular, we describe a
custom-built extruder including a sensor that can measure the extrusion
force in real-time. We utilize this measurement as feedback in a closed-
loop control algorithm which continuously regulates the speed of the
filament driving wheel to produce a desired force. We demonstrate how
the extrusion force measured during the printing process is linearly
correlated with the width of the deposited plastic beads. We utilize
this finding to print lines of desired width, ranging from 33% up to
233% of the nozzle diameter. We show how when using Force Con-
trolled Printing, the deposited line width remains largely unaffected by
disturbances in the bed leveling comprised in a range of 20% to 200%
of the nominal layer height. We compare Force Controlled Printing
with conventional printing, where the commands to the extruder are
pre-computed by a slicing software and used in a feed-forward fashion.
We demonstrate how Force Controlled Printing produces parts with
superior surface properties and geometrical accuracy in the presence
of process disturbances such as slippage or incorrect bed leveling
Our method also requires no modeling of the extrusion process and
thus is not sensitive to hardware and parameter tuning errors that
affect conventional extrusion. Given its promising performance, we
envision the possibility that Force Controlled Printing could become
widely used in FFF. To make this framework accessible to end users
our hardware configuration which includes a torque sensor must be
installed on commercially available printers. While we believe that
this is surely possible, various challenges such as miniaturization and
compatibility will have to be tackled in a later product development
phase. This study utilized exclusively LCP. In future works, we plan
to investigate the behavior of other FFF materials (e.g. thermoplastic
polymers, polymer matrix composites, metal-polymer composites, etc.)
with Force Controlled Printing.
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