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Abstract
3D printing and particularly fused deposition modelling (FDM) is widely used for prototyping and fabricating low-cost cus-
tomised parts. However, present fused deposition modelling 3D printers have limited nozzle condition monitoring techniques 
to minimize nozzle clogging errors. Nozzle clogging is one of the significant process errors in fused deposition modelling 
3D printers, and it affects the quality of prototyped parts in terms of mechanical properties and geometrical accuracy. This 
paper proposes a dynamic model for current-based nozzle condition monitoring in fused deposition modelling, which is 
briefly described as follows. First, all the process forces in filament extrusion of the fused deposition modelling were iden-
tified and derived theoretically, and theoretical equations of the feed rolling forces and flow-through-nozzle forces were 
derived. In addition, the effect of the nozzle clogging on the current of extruding motor were identified. Second, based on 
the proposed dynamic model, current-based nozzle condition monitoring method was proposed. Next, sets of experiments 
on FDM machine using polylactic acid (PLA) material were carried out to verify the proposed theoretical model, and the 
results were analysed and evaluated. Findings of the present study indicate that nozzle clogging in FDM 3D printing can be 
monitored by sensing the current of the filament extruding motor. The proposed model can be used efficiently for monitoring 
nozzle clogging conditions in fused deposition modelling 3D printers as it is based on the fundamental process modelling.

Keywords 3D printing · Fused deposition modelling · Fused filament fabrication · Condition monitoring · Nozzle clogging

1 Introduction

Additive manufacturing (AM) is the process of joining mate-
rials layer by layer to build three-dimensional (3D) objects 
[1], and its applications have been introduced in various 
engineering areas. One of the most widely used AM pro-
cesses is fused deposition modelling (FDM) [2]. The FDM 
machine fabricates 3D parts that were first modelled using 
computer-aided design (CAD) software, then converted into 
a STereoLithography format (.stl) with surface geometry 
parameters. During the FDM process, a filament material is 
fed into the heater block where it melts and extrudes onto a 
build platform via controlled three axis stage. This forms a 

thin cross-sectional layer of a part, and the process repeats 
by forming all cross-sectional layers until the part is fully 
fabricated. FDM filaments are commonly made of thermo-
plastics, for example, acrylonitrile butadiene styrene (ABS), 
polylactic acid (PLA), polyurethane (PUR), and others. The 
applications of the FDM technology have been explored in 
various areas, such as education [3, 4], rapid prototyping [5, 
6], robotics [7, 8], scientific tools [9, 10], and tissue engi-
neering [11, 12]. However, current FDM 3D printed parts 
have lower reliability standards in comparison with other 
consumer products [13]. Previous studies estimated about 
20% failure rate during FDM 3D printing by inexperienced 
users [14]. This is mainly because FDM 3D printing has 
number of challenges, such out of filament extruder [15], 
print head misses the printing platform [15], extrusion stops 
mid-print [15], print does not stick to the platform [15], print 
bows out at bottom [15], print peels away from the platform 
or warps [15], extruder over-extrudes or under-extrudes [15], 
print has inaccurate dimensional accuracy [16–18] or too 
weak structure [19, 20].

 * Yedige Tlegenov 
 yt361@cam.ac.uk

1 Department of Mechanical Engineering, National University 
of Singapore, 9 Engineering Drive 1, Singapore 117575, 
Singapore

2 Institute for Manufacturing, University of Cambridge, 17 
Charles Babbage Road, Cambridge CB3 0FS, UK

http://crossmark.crossref.org/dialog/?doi=10.1007/s40964-019-00089-3&domain=pdf


212 Progress in Additive Manufacturing (2019) 4:211–223

1 3

Process monitoring in FDM is essential for tracking the 
quality of the print during the fabrication before any print 
failure happens. Previous research has established that it can 
be possible to detect extreme print failures during 3D print-
ing using various sensors, which are discussed below.

Several vision-based techniques were capable to monitor 
3D printed part during fabrication using cameras or laser 
profile sensors, track the geometry using digital image pro-
cessing techniques, and compare 3D printed geometry with 
the CAD model to detect various print errors. For example, 
geometry of each layer was tracked to detect under-extrusion 
or over-extrusion defects [21]. Moreover, detection of local 
area defects, such as a blob of filament, and global defects, 
such as low flow in 3D printed parts were studied [22]. In 
addition, monitoring of such defects as incomplete 3D print, 
blocked nozzle, loss of filament for different object geom-
etries and filament colours were presented using low-cost 
camera system [23, 24]. Monitoring layer height inconsist-
encies and overall 3D printed part geometry was performed 
using high resolution laser profile sensors [25–27].

Other AM process monitoring methods using various 
types of sensors, such as vibration sensors, acoustic emis-
sion sensors, and  temperature sensors were reported in 
literature. Accelerometers, thermocouples, infrared tem-
perature sensor, video borescope were used to monitor the 
quality of 3D printed parts, and most optimal parameters of 
feed/flow ratio, extruder temperature, and layer height were 
recommended for better dimensional accuracy and surface 
roughness [28, 29]. Acoustic emission monitoring technique 
was used to detect such 3D printing process errors as semi-
blocked extruder, completely blocked extruder, and run out 
of the material [30], and filament breakage [31]. Orienta-
tion, motion, hygrometry, temperature, and vibration sensors 
were utilised to track printing and not printing conditions in 
FDM [32].

It can be noted that the above-mentioned works concen-
trated on advanced signal processing and machine learning 
techniques to analyse the data gathered from various sensors, 
paying less attention to the physics of the AM process. Due 
to this, the print errors were detected only after they accu-
mulated and actually happened, which can cause extreme 
print failures.

One of the main challenges in monitoring in AM is track-
ing the print errors long before they cause extreme print 
failures. For addressing this challenge, there is a need in 
fundamental understanding of the FDM process dynam-
ics. FDM is a recent manufacturing process compared to 
conventional processes, and in FDM material goes through 
rolling, melting, and extrusion processes involving number 
of multi-physical parameters. Due to this complexity of the 

process, there are little detailed investigation of the FDM 
process dynamics in literature.

A physics model-based process monitoring technique 
using vibration sensors was developed by Bukkapatnam 
and Clark [33], where a layered AM machine was theo-
retically modelled as a lumped mass system with a system 
of process forces and accelerometers were placed on the 
machine frame and on the extruder head to track defects as 
under-extrusion and over-extrusion. Although the above-
mentioned study derived theoretical formulations of the 
dynamics of the extrusion-based AM system, several 
assumptions were made that paid less attention to the rela-
tively small forces resulting from filament extrusion and 
filament flow in the nozzle.

To the authors knowledge, there are no reliable theoreti-
cal models that can relate the current of the extruding motor 
to the nozzle effective diameter and the use of such model 
to monitor precise nozzle clogging conditions in FDM 3D 
printing.

Therefore, the main objective of the current study is 
to propose a theoretical model that represents FDM pro-
cess forces in relation to the effective nozzle diameter and 
the use of this model for current-based nozzle condition 
monitoring in FDM. FDM process modelling and nozzle 
condition monitoring was performed by two steps. First, 
the theoretical equations of feed rolling forces and flow-
through-nozzle forces were derived. After, the influence of 
the effective nozzle diameter on the current of the filament 
extruding motor was identified. Second, based on the pro-
posed model, current-based nozzle condition monitoring 
method was proposed. Next, sets of experiments on FDM 
machine using PLA material were carried out to verify the 
proposed theoretical model, and the results were analysed 
and evaluated.

This study provides an opportunity to advance the knowl-
edge of FDM process monitoring, because it is based on a 
theoretical model that relates extruding motor current with 
nozzle clogging conditions. Thus, more detailed informa-
tion of the nozzle clogging condition can be tracked before 
extreme blockage or print failure happens, allowing to pause/
stop/control the 3D printing process. Moreover, it can be 
possible to place a sensor more accurately because the 
proposed model includes a direct relationship between the 
process error—nozzle clogging, and the monitoring param-
eter—filament extruding motor’s current.

The remaining part of the paper is organised as follows. 
The Sect. 2 presents the methods used for this work. The 
Sect. 3 analyses the results, following by the discussions. 
The Sect. 5 shows the conclusion and recommendations.
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2  Methods

2.1  Theoretical modelling of FDM process

One of the main challenges in FDM 3D printing develop-
ment is a limited understanding of the physics of the process 
[34]. Models of the FDM process describing the dynamics 
of material extrusion and melt are essential for intelligent 
monitoring and control for AM machines. Deriving the 
relationships between FDM process parameters and nozzle 
clogging conditions are important for monitoring the qual-
ity of 3D printed parts in terms of geometrical accuracy and 
mechanical strength. To model the process relationships, let 
us consider direct FDM extruder of Makerbot Replicator 1 
3D printer presented in Fig. 1. As can be seen, it consists of 
two main blocks, namely filament feeding mechanism and 
filament melting mechanism. The filament feeding mecha-
nisms has a gear, and a roller pushed towards the gear via 
spring-loaded lever. The filament melting mechanism con-
sists of a heating block and a nozzle. Thus, the two main 
elements of FDM process are filament feed dynamics and 
filament melt dynamics. The forces acting on the filament 
along the vertical direction are:

where FGF is gear-feed force, FR is rolling friction between 
roller and filament, FBP is backpressure force. Derivation of 
these forces is discussed in the following subsection.

(1)Fy = FGF − FR − FBP,

2.1.1  Filament extrusion dynamics

Commercially available extrusion mechanisms in FDM 3D 
printers are designed to feed thermoplastic polymer fila-
ments with diameters ranging from 1.5 to 3 mm through a 
heated liquefier and then extrude onto a build platform. The 
filament is inserted into a guide tube and pushed towards 
a heater via gear-roller extrusion mechanism, as shown in 
Figs. 1 and 2. An extruding gear is powered by a stepper 
motor and a roller is pushed by a spring via lever to create 
a pressure on the filament to avoid slippage. The filament 
is in tension above the gear-roller mechanism and pulls the 
material from the spool. After the filament enters the gear-
roller mechanism, it is in compression and pushed through a 
heated liquefier towards the nozzle. The gear-roller extrusion 
feed rate is controlled to keep the volumetric flow rate of fil-
ament constant. The gear-feed force and the rolling friction 
between roller and filament are opposite to each other, and 
the resultant of these two forces is pushing the filament into 
the liquefier. The derivation of these two forces is presented 
as follows. First, gear-feed force depends on the torque of 
the extruding stepper motor:

where Textr is extruding torque, rgear is radius of extruding 
gear. Second, friction force between roller and filament is 
rolling friction:

(2)FGF =
Textr

rgear
,

Fig. 1  FDM extruder with a spring-lever mechanism Fig. 2  Layout and process forces in FDM extruder
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where �R is coefficient of rolling friction between roller and 
filament, NR is normal force between roller and filament. The 
normal force NR depends on the spring characteristics and 
the lever geometry of an extruder:

or

where FC is a force exerted by a spring via lever at point 
C and it is perpendicular to BC , � is angle between FC and 
NR , FA is a vertical force exerted by a spring at point A , AB 
and BC lever geometrical distances illustrated in Fig. 2, � is 
angle between AB and BC . In summary, the filament extru-
sion dynamics includes:

1. Gear-feed force, which is a function of a stepper motor 
and an extruder gear parameter; and

2. Rolling friction force, which is a function of a roller 
friction coefficient and lever-spring characteristics.

2.1.2  Filament melt dynamics

In FDM-based 3D printers a filament is melted in a heated 
liquefier before it extrudes from the nozzle. The heated liq-
uefier is generally a block machined from a metal with a 
guide channel for the filament to go through. The heating 
of the liquefier is performed by a resistive cartridge heater 
inserted into the metal block to maintain a certain tempera-
ture. The temperature is controlled using a thermocouple/
thermistor which is also inserted into the heated liquefier. 
Heat flux is generated by the temperature increase which 
leads to the decrease in the viscosity of the filament melt. 
This allows the molten part of the filament to be pushed 
by the solid part of the filament from top to flow through 
the nozzle. The rate of the flow through liquefier and noz-
zle is limited by a pressure drop. The pressure drop inside 
the FDM nozzle can be estimated according to its shape as 
presented in Fig. 3, such as: cylindrical, conical, and then 
cylindrical, divided to regions L1 , L2 , and L3 , respectively. 
Several assumptions made in the current modelling are: (a) 
melt is incompressible; (b) flow is fully developed and lami-
nar; (c) walls of the nozzle have no-slip boundary condition. 
Hence, pressure drop in the nozzle can be identified as a sum 
of all three pressure drops in the nozzle [35, 36, 37]:

where ΔP is overall pressure drop in the nozzle, ΔP1 , ΔP2 , 
ΔP3 are three pressure drops according three regions in the 
nozzle L1 , L2 , L3 , respectively. Each of the pressure drop 
values can be derived as [35–37]:

(3)FR = �RNR,

(4)
NR = FC cos � = FA

AB

BC
cos � = FA

AB

BC
cos (90 − �),

(5)FR = �RFA

AB

BC
cos (90 − �),

(6)ΔP = ΔP1 + ΔP2 + ΔP3,

where v is flow mean velocity, � is flow consistency index, q 
is flow behavior index, R1,R2 are nozzle radius values at the 
entry and at the outer regions, respectively, L1, L3 are nozzle 
length values at the regions 1 and 3, respectively, � is inside 
angle of a nozzle. By taking into consideration the Arrhenius 
Law for the temperature dependence [35–37]:

where � is activation energy, T  is operating temperature, T0 
is reference temperature. Thus, total temperature dependent 
pressure drop is:

(7)ΔP1 = 2L1

(
v

�

) 1

q

⋅

(
q + 3

R
q+1

1

) 1

q

,

(8)
ΔP2 =

2q

3 tan (�∕2)
⋅

⎛⎜⎜⎜⎝
1

R

3

q

1

+
1

R

3

q

2

⎞⎟⎟⎟⎠
⋅

�
vR2

2
(q + 3)

�

� 1

q

,

(9)ΔP3 = 2L3
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.

Fig. 3  Layout of the nozzle zones in FDM extruder
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After estimating the total temperature dependent pressure 
drop values, it can be possible to derive the backpressure 
force:

where Afil is cross-sectional area of the filament. After sub-
stituting Eqs. (7)–(9) into (12) the backpressure force can 
be written as:

 

2.1.3  Total force dynamics

After modelling the filament extrusion dynamics and fila-
ment melt dynamics, the total force dynamics can be esti-
mated. After substituting Eqs. (2), (5), (13) into (1), the 
forces acting on the filament along vertical direction can 
be derived as:

(12)FBP =
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)
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2.1.4  Relationship between extruding torque and effective 
nozzle diameter

To identify the relationship between the extruding torque 
and the effective nozzle diameter, the Eq. (1) was written as:

(15)FGF − FE = FBP,

where FGF is a function of extruding torque Textr , and FBP 
is a function of nozzle effective radius R2 or diameter D2 . 
Because extruding torque is a function of stepper motor 
current:

(16)Textr = ktI,

where kt is stepper motor torque constant, I is stepper motor 
current. After writing extruding torque as in Eq. (16) in 
terms of stepper motor current and substituting Eqs. (2), 
(5), (13) to Eq. (15) and changing nozzle radiuses R1 and R2 
to diameters D1 and D2 the relationship can be written as:
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To simplify the Eq. (17), several terms from (17) can be 
re-written as:

Therefore, Eq. (17) can be rewritten as:

which is the relationship between extruding stepper motor 
current I and the effective nozzle diameter D2 . As can be 
seen, the changes in the effective nozzle diameter D2 affect 
the extruding stepper motor current, thus it can be possible 
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to track any nozzle clogging conditions by monitoring the 
current of the extruding stepper motor.

2.2  Current‑based nozzle condition monitoring

To verify the above mentioned theoretical model, the cur-
rent-based nozzle condition monitoring technique in 3D 

printing was developed. According to the proposed model, 
when the nozzle starts to clog during 3D printing, its effec-
tive nozzle diameter decreases, and the current of extrud-
ing motor will change. Thus, the monitoring technique was 
required to track the current of extruding motor in FDM 3D 
printer during fabrication for identifying the nozzle clogging 
conditions. The block diagram of the process monitoring 
board used for the current study is presented in Fig. 4. As 
can be seen, it consists of:

• Microcontroller ATSAMD21G18A-MF, ARM Cortex-
M0 + processor running at up to 48 MHz with up to 
256 KB Flash and 32 KB of SRAM;

• Stepper motor driver A4954 dual full-bridge DMOS 
PWM driver with current sensing;

• Encoder AS5047D magnetic rotary position sensor.

The assembly of the above-mentioned elements on a PCB 
board is shown in Fig. 5. The NEMA17 Nano Zero Stepper 
board was manufactured by The Island of Misfit Electronics. 
Diametrically Magnetized NdFeBr magnet was glued to the 
back of the extruding motor shaft. The magnet was mounted 

Fig. 4  Block diagram of the process monitoring board
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accurately in the centre and was calibrated later to correct 
minor misalignments. Next, the process monitoring board 
was mounted by bolts to the back of the extruding motor so 
that the magnet was right under the encoder at the distance 
of 1–2 mm. In addition, standard stepper driver used for 
FDM 3D printer’s extruding motor was removed from the 
controller board, and A4954 motor driver was connected 
to the control board instead. The attachment of the process 

monitoring board to the extruding motor of FDM 3D printer 
is shown in Fig. 6.

The working principle of the current-based nozzle con-
dition monitoring method is as follows. The extruding feed 
rate is commonly set before any FDM 3D printing opera-
tion by the user, and it keeps constant until part is fully 
fabricated. Therefore, process monitoring board was set to 
operate in a velocity mode. While the extruder maintained 
the constant feed rate set by the user, the position of the 

Fig. 5  Front and back side of the process monitoring board

Fig. 6  Attachment of the 
process monitoring board to the 
extruding motor of FDM 3D 
printer
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extruding motor’s shaft was tracked by the encoder. When 
the nozzle started to clog, the filament extrusion started 
to become more difficult, resulting in position error of the 
extruding motor shaft. Next, the position error of the motor 
shaft was sent to the microcontroller. To keep the feed veloc-
ity constant, the microcontroller sent corrective signals to 
the motor driver, by increasing the current to overcome the 
difficulty in extrusion. This current increase was monitored 
by a Yageo PT1206FR-070R2L current sensing resistor, and 
the real-time data were sent to the computer via USB port.

2.3  Experimental setup, materials, and process 
parameters

Makerbot Replicator 1 FDM 3D printer and polylactic acid 
(PLA) filament with diameters of 1.75 mm and tolerances of 
± 0.05 mm were used for experiments in the present study. 
The filament was stored in a dry container after opening the 
package for minimising the effect of moisture absorption. 
The printing platform was heated to 50 °C and covered with 
a Kapton tape. Print parameters were controlled via Mak-
erWare software. The main process parameters are listed in 
Table 1.

The experimental and theoretical methodology of nozzle 
condition monitoring were carried out in four main steps, 
which are discussed as follows:

1. Experimental: 3D printing using 3 different nozzles 
sizes: 0.4 mm, 0.3 mm, 0.2 mm in diameter. This was 
the initial step of simulating nozzle clogging for proof-
of-concept purposes. Theoretical: calculating extruding 
motor current I from Eq. (23) using three different val-

ues of effective nozzle diameter D2 : 0.4 mm, 0.3 mm, 
0.2 mm according to three different nozzle sizes.

2. Experimental: 3D printing during severe part warp-
ing which caused no room for extrusion and complete 
blockage of the nozzle. Theoretical: deriving extruding 
motor current I from Eq. (23) using two different values 
of the effective nozzle diameter D2 : 0.4 mm and 0 mm 
according to the normal 3D printing and 3D printing 
with completely blocked extruder due to part warping.

3. Experimental: reducing the chamber temperature from 
25 to 15 °C which caused partial nozzle clogging by 
placing a fan near to the nozzle during 3D printing. 
Theoretical: estimating extruding motor current I from 
Eq. (23) using two different values of the chamber tem-
perature from Eq. (10): 25 °C and 15 °C according to 
the 3D printing with partially clogged nozzle due to 
decreased chamber temperature.

4. Experimental: 3D printing for a long period of time until 
nozzle became partially clogged. 3D printing extrusion 
process was recorded via JVC TK-C1480BE video 
camera with Navitar 121-50504 lens at the layer height 
of 0.2 mm. The images of the filament extrusion were 
extracted from the 25 frames per second video with the 
size of 1280 × 720 pixels and the resolution of 3 microns 
per pixel. After processing the recorded images using 
MATLAB software, 50 measurements were taken for 
each of the 6 partial nozzle clogging conditions. Next, 
the mean values were estimated for each of the 50 meas-
urements of the effective nozzle diameter. In particular, 
6 stages of partial nozzle clogging conditions were iden-
tified, with the effective nozzle diameter values D2 as: 
0.4 mm, 0.396 mm, 0.390 mm, 0.381 mm, 0.365 mm, 
0.345 mm. Theoretical: calculating extruding motor 
current I from Eq. (23) using the 6 different values of 
the effective nozzle diameter D2 : 0.4 mm, 0.396 mm, 
0.390 mm, 0.381 mm, 0.365 mm, 0.345 mm according 
to the 6 stages of partial nozzle clogging measurements 
from the video camera.

The theoretical values of extruding motor current during 
nozzle clogging were calculated using the process param-
eters listed in Table 1.

3  Results

The results of the current study are reported as follows. First, 
theoretical and experimental values of extruding motor cur-
rent during 3D printing using three different nozzles of 
0.4 mm, 0.3 mm, 0.2 mm in diameter are shown in Fig. 7. 
The experimental error bars represent the results during 
measuring the current of the motor, and 50 measurements 
were recorded for each nozzle size, resulting in 150 values 

Table 1  Process parameters

Parameter Description/value

FDM 3D printer MakerBot replicator 1
Filament PLA
Layer height 0.2 mm
Extrusion velocity 50 mm/s
Feed velocity 50 mm/s
Filament diameter 1.75 mm
Nozzle diameter 0.4 mm
Internal nozzle angle 110°
Extruding gear diameter 10.8 mm
Chamber temperature 25°C
Extruding temperature 200°C
PLA Young’s modulus 3.5 GPa
PLA melt viscosity 100 Pa·s
PLA flow consistency index 650 Pa·sq

PLA flow behaviour index 0.66
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of current data. For 0.4 mm in diameter nozzle the theo-
retical current value was 545 mA with 3.6% error during 
experiments. For 0.3 mm nozzle the theoretical current value 
was 770 mA with 6% error during experiments. For 0.2 mm 
nozzle the theoretical current value was 1000 mA with 7% 
error during experiments. As can be seen, the reduction in 
nozzle size increased the amount of current exerted by the 
extruding motor, as it was calculated using the proposed 
dynamic model.

Second, theoretical and experimental results of extruding 
motor current during 3D printing with completely clogged 
nozzle due to part warping are shown in Figs. 8 and 9. The 
current signal was recorded with respect to time, and a win-
dow of 2 s during part warping is illustrated. As can be seen 
from Fig. 8, the signal is fluctuating for the value of ± 2 mA 
during normal 3D printing, and there is a sharp increase 
of current signal during nozzle clogging due to part warp-
ing. During normal 3D printing, the current values were 
around 545 mA, but during part warping with no room for 
extrusion which resulted in completely clogged nozzle the 
current values rose up to the maximum of 1000 mA. This 
increase in the current values during nozzle clogging from 
part warping were monitored real-time, as the data were 
send to the computer via USB port. 50 experimental sets 
of part warping have been performed, and the variability 
of the current signal values are illustrated as error bars in 
Fig. 9. The experimental results varied from the theoretical 
calculations by 8%. As previously, the completely clogged 
nozzle caused rapid increase of the current.

Third, theoretical and experimental results of extruding 
motor current during 3D printing with partial clogged noz-
zle due to decrease in chamber temperature are illustrated 
in Figs. 10 and 11. The current values were measured with 
respect to time, and a window of 2 s during chamber temper-
ature decrease is presented. As can be seen from Fig. 10, the 
signal is fluctuating for the value of ±3 mA during normal 
3D printing, and there is an increase of current signal during 
nozzle clogging due to decreased chamber temperature. For 
normal 3D printing with chamber temperature of 25°C the 
current of extruding motor was 545 mA. However, when 

Fig. 7  Theoretical and experimental values of extruding motor cur-
rent during 3D printing with three different nozzle sizes: 0.4  mm, 
0.3 mm, 0.2 mm in diameter

Fig. 8  Theoretical and real-time experimental results of extrud-
ing motor current versus time during 3D printing with completely 
clogged nozzle due to part warping

Fig. 9  Theoretical and experimental results of extruding motor cur-
rent versus effective nozzle diameter during 3D printing with com-
pletely clogged nozzle due to part warping
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the fan started to blow the cool air towards the extrusion 
region, by decreasing the chamber temperature to 15°C, the 
extruding current was monitored real-time and increased to 
560 mA. 50 experimental sets of nozzle clogging due to 
chamber temperature decrease have been performed, and the 
variability of the current signal values are illustrated as error 
bars in Fig. 11. Differences in the results between theoretical 
and experimental results were in the region of 2%.

Fourth, theoretical and experimental results of extrud-
ing motor current during 3D printing for a long period of 

time until nozzle became partially clogged is presented in 
Fig. 12. The 3D printer was running for 6 weeks continu-
ously to cause a clogged nozzle and the effective nozzle 
diameter was monitored continuously. In total, there were 50 
sets of current signals recorded for each value of the effec-
tive nozzle diameter. The variations of these experimental 
data of the current values are shown as error bars in Fig. 12. 
The current values were monitored during 6 different stages 
of the effective nozzle diameter D2 : 0.4 mm, 0.396 mm, 
0.390 mm, 0.381 mm, 0.365 mm, 0.345 mm according to 
the 6 stages of partial nozzle clogging measurements from 
the video camera. For normal 3D printing the extruding cur-
rent values were near 545 mA, but when the nozzle started to 
clog partially, the current values started to rise slowly until 
a certain point, and later increased sharply. As an example, 
when the nozzle just started to clog partially with effective 
nozzle diameters of 0.396 mm, 0.390 mm, and 0.381 mm 
the current values stayed below 590 mA. But when the noz-
zle clogged even further with effective nozzle diameters of 
0.365 mm and 0.345 mm, the current values increased to 
670 mA and 750 mA, respectively. In other words, up to 4% 
decrease in the effective nozzle diameter caused only up to 
8% increase in extruding motor current; but 8% and 13% 
decrease in the effective nozzle diameter sharply increased 
the current values to 23% and 38%, respectively. Experimen-
tal results varied from the theoretical calculations by 6%, and 
the current values increased during partial nozzle clogging, 
as it was estimated from the proposed model.

Fig. 10  Theoretical and real-time experimental results of extruding 
motor current versus time during 3D printing with partial clogged 
nozzle due to decrease in chamber temperature

Fig. 11  Theoretical and experimental results of extruding motor cur-
rent versus temperature during 3D printing with partial clogged noz-
zle due to decrease in chamber temperature

Fig. 12  Theoretical and experimental results of extruding motor cur-
rent versus effective nozzle diameter during 3D printing with partially 
clogged nozzle
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4  Discussions

This study proposed a theoretical model for current-based 
nozzle condition monitoring technique in 3D printing. As 
presented in previous section, the theoretical modelling of 
FDM 3D printing process showed a very accurate correla-
tion with the experimental tests. It was found that the pro-
posed theoretical model can efficiently estimate the current 
of the extruding motor during nozzle clogging in FDM 3D 
printing. The findings of this study indicate that the nozzle 
clogging decreases the effective nozzle diameter, makes the 
extrusion more difficult and affects the current of the extrud-
ing motor. When the extruding mechanism is fitted with a 
current-based monitoring system, the nozzle clogging condi-
tions can be tracked relatively accurately using the proposed 
theoretical model.

The proposed model and the current-based nozzle condi-
tion monitoring method is in contrast to the earlier works 
[21, 27, 32], where the AM process monitoring methods 
were purely empirical. On the other hand, the results of the 
present research are similar to the study developed by Buk-
kapatnam and Clark [33], where they introduced a theoreti-
cal model-based vibration monitoring in 3D printing. The 
difference between the present work and their study is focus-
sing on the extrusion process and the nozzle clogging, but 
their work focussed more on the severe vibrations of the 3D 
printer machine structure.

The significance of the present work is the ability to 
predict the nozzle clogging conditions in FDM 3D print-
ing before any serious process failure might happen. The 
overall differences between the theoretical estimations and 
the experimental results are in the range of 8%. The present 
method is based on theoretical dynamics of FDM extrusion 
process, and it can be very promising for developing nozzle 
condition monitoring and control techniques in FDM 3D 
printing.

There are several limitations of the present study. First, 
theoretical calculation results of the extruding motor current 
were slightly different from the experimental results in the 
maximum range of 8%. This is because the theoretical model 
treats the filament diameter as ideally constant value. How-
ever, the actual diameter of the filament tends to vary due to 
the manufacturing limitations and tolerances, for example, 
tolerance of filaments used in present study was ± 0.05 mm. 
To overcome this limitation, the actual diameter of the fila-
ment can be measured at the location before it enters the 
heated liquefier. The actual filament diameter measurement 
can be achieved using computer vision system, similar as 
in work presented by Greeff and Schilling [38], where they 
measured the filament width using a low-cost USB micro-
scope video camera and image processing. Then, the actual 
filament radius values R1 should be placed in Eqs. (7)–(9) 

and subsequently used for estimating the current of extrud-
ing motor. Second, the present model is based on most com-
mon FDM system based on a wire feeding mechanism and 
a heated liquefier. For other types of systems, for example, 
with pressurised material heating tank, the model can be 
applied similarly. For example, the additional pressure in the 
pressure tank can be written as ΔP4 and added into Eq. (12). 
The remaining calculations can be done similarly as in the 
model proposed in this study. As a result, to have a reliable 
and good 3D printing results with the pressurised tank, the 
pressure is to be maintained constant in the material heating 
tank. If the pressure in the tank is constant, the decrease in 
effective nozzle diameter (or nozzle clogging) has a direct 
effect on the current of extruding motor.

Future work might be focussed on the usage of the pro-
posed model for nozzle condition monitoring and control in 
FDM 3D printing for avoiding process failures. In addition, 
the proposed dynamic model would be tested with a PEEK 
polymer to evaluate the effect of temperature on results.

5  Conclusion

Nozzle clogging is one of the significant process errors in 
FDM 3D printing, because it has a direct effect on the qual-
ity of 3D printed part in terms of mechanical strength and 
geometrical accuracy. This work proposed a dynamic model 
for current-based nozzle condition monitoring in FDM 3D 
printing, and it is based on a theoretical relationship between 
the extruding motor current and the nozzle clogging condi-
tion. To summarise the results of the present study, the fol-
lowing recommendations are suggested.

• When the nozzle starts to clog, its effective diameter 
decreases, which increases the backpressure. The back-
pressure increase makes the filament extrusion more dif-
ficult, and to maintain the constant extruding velocity, 
the current (and the torque) is increased.

• Thus, nozzle clogging in FDM 3D printing can be moni-
tored by sensing the current of the filament extruding 
motor.

• Theoretical and experimental results show that the nozzle 
clogging in FDM 3D printing directly affects the current 
of the extruding motor, which increases non-linearly with 
nozzle blockage.

• Theoretical estimations of the current of the extruding 
motor during nozzle clogging varied from the experi-
ments by the maximum error of 8%.

In conclusion, the findings of the current work can be one 
step towards developing nozzle condition monitoring and 
control in FDM 3D printing for avoiding process failures as 
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the study is based on the fundamental relationships between 
FDM process parameters and the nozzle clogging.

Compliance with ethical standards 

Conflict of interest On behalf of all authors, the corresponding author 
states that there is no conflict of interest.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

 1. F42-Committee (2012) Terminology for additive manufacturing 
technologies. ASTM Int. https ://doi.org/10.1520/F2792 -12

 2. Crump SS (1992) Apparatus and method for creating three-dimen-
sional objects. US Patent 5,121,329

 3. Schelly C, Anzalone G, Wijnen B, Pearce JM (2015) Open-source 
3-D printing technologies for education: bringing additive manu-
facturing to the classroom. J Vis Lang Comput 28:226–237. https 
://doi.org/10.1016/j.jvlc.2015.01.004

 4. Telegenov K, Tlegenov Y, Shintemirov A (2015) A low-cost 
open-source 3-d-printed three-finger gripper platform for research 
and educational purposes. IEEE Access 3:638–647. https ://doi.
org/10.1109/ACCES S.2015.24339 37

 5. Campbell I, Bourell D, Gibson I (2012) Additive manufacturing: 
rapid prototyping comes of age. Rapid Prototyp J 18(4):255–258. 
https ://doi.org/10.1108/13552 54121 12315 63

 6. Gibson I, Rosen D, Stucker B (2014) Additive Manufacturing 
Technologies: 3D Printing, Rapid Prototyping, and Direct Digital 
Manufacturing. Springer, Berlin

 7. Telegenov K, Tlegenov Y, Hussain S, Shintemirov A (2015) 
Preliminary design of a three-finger underactuated adaptive end 
effector with a breakaway clutch mechanism. J Robot Mechatronic 
27(5):496–503. https ://doi.org/10.20965 /jrm.2015.p0496 

 8. Tlegenov Y, Telegenov K, Shintemirov A (2014) An open-source 
3D printed underactuated robotic gripper. In: 2014 IEEE/ASME 
10th international conference on mechatronic and embedded 
systems and applications (MESA), pp 1–6. IEEE. https ://doi.
org/10.1109/MESA.2014.69356 05

 9. Pearce JM (2012) Building research equipment with free, open-
source hardware. Science 337(6100):1303–1304. https ://doi.
org/10.1126/scien ce.12281 83

 10. Pearce JM (2014) Open-source lab: how to build your own hard-
ware and reduce research costs. Elsevier, Amsterdam

 11. Zein I, Hutmacher DW, Tan KC, Teoh SH (2002) Fused depo-
sition modeling of novel scaffold architectures for tissue engi-
neering applications. Biomaterials 23(4):1169–1185. https ://doi.
org/10.1016/S0142 -9612(01)00232 -0

 12. Kalita SJ, Bose S, Hosick HL, Bandyopadhyay A (2003) Develop-
ment of controlled porosity polymer-ceramic composite scaffolds 
via fused deposition modeling. Mater Sci Eng C 23(5):611–620. 
https ://doi.org/10.1016/S0928 -4931(03)00052 -3

 13. Kłodowski A, Eskelinen H, Semken S (2015) Leakage-proof 
nozzle design for RepRap community 3D printer. Robotica 
33(4):721–746. https ://doi.org/10.1017/S0263 57471 40005 02

 14. Wittbrodt BT, Glover AG, Laureto J, Anzalone GC, Oppliger 
D, Irwin JL, Pearce JM (2013) Life-cycle economic analysis 
of distributed manufacturing with open-source 3-D printers. 
Mechatronics 23(6):713–726. https ://doi.org/10.1016/j.mecha 
troni cs.2013.06.002

 15. Nuchitprasitchai S, Roggemann M, Pearce JM (2017) Factors 
effecting real-time optical monitoring of fused filament 3D print-
ing. Prog Addit Manuf 2(3):133–149. https ://doi.org/10.1007/
s4096 4-017-0027-x

 16. Singh J, Singh R, Singh H (2017) Experimental investigations for 
dimensional accuracy and surface finish of polyurethane proto-
types fabricated by indirect rapid tooling: a case study. Prog Addit 
Manuf 2(1–2):85–97. https ://doi.org/10.1007/s4096 4-017-0024-0

 17. Islam MN, Pramanik A, Slamka S (2016) Errors in different geo-
metric aspects of common engineering parts during rapid proto-
typing using a Z Corp 3D printer. Prog Addit Manuf 1(1–2):55–
63. https ://doi.org/10.1007/s4096 4-016-0006-7

 18. Chohan JS, Singh R (2016) Enhancing dimensional accuracy of 
FDM based biomedical implant replicas by statistically controlled 
vapor smoothing process. Prog Addit Manuf 1(1–2):105–113. 
https ://doi.org/10.1007/s4096 4-016-0009-4

 19. Afrose MF, Masood SH, Iovenitti P, Nikzad M, Sbarski I (2016) 
Effects of part build orientations on fatigue behaviour of FDM-
processed PLA material. Prog Addit Manuf 1(1–2):21–28. https 
://doi.org/10.1007/s4096 4-015-0002-3

 20. Lederle F, Meyer F, Brunotte GP, Kaldun C, Hübner EG (2016) 
Improved mechanical properties of 3D-printed parts by fused 
deposition modeling processed under the exclusion of oxygen. 
Prog Addit Manuf 1(1–2):3–7. https ://doi.org/10.1007/s4096 
4-016-0010-y

 21. Fang T, Bakhadyrov I, Jafari MA, Alpan G (1998) Online detec-
tion of defects in layered manufacturing. In: Proceedings of the 
1998 IEEE international conference on robotics and automation, 
1998, vol 1, pp 254–259. IEEE. https ://doi.org/10.1109/ROBOT 
.1998.67638 6

 22. Holzmond O, Li X (2017) In situ real time defect detection of 3D 
printed parts. Addit Manuf 17:135–142. https ://doi.org/10.1016/j.
addma .2017.08.003

 23. Nuchitprasitchai S, Roggemann M, Pearce JM (2017) Factors 
effecting real-time optical monitoring of fused filament 3D print-
ing. Prog Addit Manuf 2(3):133–149. https ://doi.org/10.1007/
s4096 4-017-0027-x

 24. Nuchitprasitchai S, Roggemann MC, Pearce JM (2017) Three hun-
dred and sixty degree real-time monitoring of 3-D printing using 
computer analysis of two camera views. J Manuf Mater Process 
1(1):2. https ://doi.org/10.3390/jmmp1 01000 2

 25. Lu L, Zheng J, Mishra S (2015) A layer-to-layer model and feed-
back control of ink-jet 3-d printing. IEEE/ASME Trans Mechatron 
20(3):1056–1068. https ://doi.org/10.1109/TMECH .2014.23661 23

 26. Cohen DL, Lipson H (2010) Geometric feedback control of dis-
crete-deposition SFF systems. Rapid Prototyp J 16(5):377–393. 
https ://doi.org/10.1108/13552 54101 10657 77

 27. Faes M, Abbeloos W, Vogeler F, Valkenaers H, Coppens K, 
Goedeme T, Ferraris E (2014) Process monitoring of extrusion 
based 3D printing via laser scanning. In: International conference 
on polymers and moulds innovations (PMI) 2014 conference pro-
ceedings, vol 6, pp 363–367

 28. Rao PK, Liu JP, Roberson D, Kong ZJ, Williams C (2015) Online 
real-time quality monitoring in additive manufacturing processes 
using heterogeneous sensors. J Manuf Sci Eng 137(6):061007. 
https ://doi.org/10.1115/1.40298 23

 29. Sun H, Rao PK, Kong ZJ, Deng X, Jin R (2018) Functional 
quantitative and qualitative models for quality modeling in a 
fused deposition modeling process. IEEE Trans Autom Sci Eng 
15(1):393–403. https ://doi.org/10.1109/TASE.2017.27636 09

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1520/F2792-12
https://doi.org/10.1016/j.jvlc.2015.01.004
https://doi.org/10.1016/j.jvlc.2015.01.004
https://doi.org/10.1109/ACCESS.2015.2433937
https://doi.org/10.1109/ACCESS.2015.2433937
https://doi.org/10.1108/13552541211231563
https://doi.org/10.20965/jrm.2015.p0496
https://doi.org/10.1109/MESA.2014.6935605
https://doi.org/10.1109/MESA.2014.6935605
https://doi.org/10.1126/science.1228183
https://doi.org/10.1126/science.1228183
https://doi.org/10.1016/S0142-9612(01)00232-0
https://doi.org/10.1016/S0142-9612(01)00232-0
https://doi.org/10.1016/S0928-4931(03)00052-3
https://doi.org/10.1017/S0263574714000502
https://doi.org/10.1016/j.mechatronics.2013.06.002
https://doi.org/10.1016/j.mechatronics.2013.06.002
https://doi.org/10.1007/s40964-017-0027-x
https://doi.org/10.1007/s40964-017-0027-x
https://doi.org/10.1007/s40964-017-0024-0
https://doi.org/10.1007/s40964-016-0006-7
https://doi.org/10.1007/s40964-016-0009-4
https://doi.org/10.1007/s40964-015-0002-3
https://doi.org/10.1007/s40964-015-0002-3
https://doi.org/10.1007/s40964-016-0010-y
https://doi.org/10.1007/s40964-016-0010-y
https://doi.org/10.1109/ROBOT.1998.676386
https://doi.org/10.1109/ROBOT.1998.676386
https://doi.org/10.1016/j.addma.2017.08.003
https://doi.org/10.1016/j.addma.2017.08.003
https://doi.org/10.1007/s40964-017-0027-x
https://doi.org/10.1007/s40964-017-0027-x
https://doi.org/10.3390/jmmp1010002
https://doi.org/10.1109/TMECH.2014.2366123
https://doi.org/10.1108/13552541011065777
https://doi.org/10.1115/1.4029823
https://doi.org/10.1109/TASE.2017.2763609


223Progress in Additive Manufacturing (2019) 4:211–223 

1 3

 30. Wu H, Wang Y, Yu Z (2016) In situ monitoring of FDM machine 
condition via acoustic emission. Int J Adv Manuf Technol 84(5–
8):1483–1495. https ://doi.org/10.1007/s0017 0-015-7809-4

 31. Yang Z, Jin L, Yan Y, Mei Y (2018) Filament breakage monitoring 
in fused deposition modeling using acoustic emission technique. 
Sensors 18(3):749. https ://doi.org/10.3390/s1803 0749

 32. Baumann F, Schön M, Eichhoff J, Roller D (2016) Concept devel-
opment of a sensor array for 3D printer. Procedia CIRP 51:24–31. 
https ://doi.org/10.1016/j.proci r.2016.05.041

 33. Bukkapatnam S, Clark B (2007) Dynamic modeling and moni-
toring of contour crafting—an extrusion-based layered manu-
facturing process. J Manuf Sci Eng 129(1):135–142. https ://doi.
org/10.1115/1.23751 37

 34. Turner BN, Strong RA, Gold S (2014) A review of melt extru-
sion additive manufacturing processes: I. Process design and mod-
eling. Rapid Prototyp J 20(3):192–204. https ://doi.org/10.1108/
RPJ-01-2013-0012

 35. Tlegenov Y, Wong YS, Hong GS (2017) A dynamic model for 
nozzle clog monitoring in fused deposition modelling. Rapid Pro-
totyp J 23(2):391–400. https ://doi.org/10.1108/RPJ-04-2016-0054

 36. Tlegenov Y, Hong GS, Lu WF (2018) Nozzle condition monitor-
ing in 3D printing. Robot Comput Integr Manuf 54:45–55. https 
://doi.org/10.1016/j.rcim.2018.05.010

 37. Tlegenov Y (2018) Model-based monitoring of nozzle clogging 
in fused deposition modelling process. Doctoral dissertation. 
National University of Singapore. Retrieved from https ://schol 
arban k.nus.edu.sg/handl e/10635 /14854 9

 38. Greeff G, Schilling M (2017) Closed loop control of slippage dur-
ing filament transport in molten material extrusion. Additive Man-
ufacturing 14:31–38. https ://doi.org/10.1016/j.addma .2016.12.005

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s00170-015-7809-4
https://doi.org/10.3390/s18030749
https://doi.org/10.1016/j.procir.2016.05.041
https://doi.org/10.1115/1.2375137
https://doi.org/10.1115/1.2375137
https://doi.org/10.1108/RPJ-01-2013-0012
https://doi.org/10.1108/RPJ-01-2013-0012
https://doi.org/10.1108/RPJ-04-2016-0054
https://doi.org/10.1016/j.rcim.2018.05.010
https://doi.org/10.1016/j.rcim.2018.05.010
https://scholarbank.nus.edu.sg/handle/10635/148549
https://scholarbank.nus.edu.sg/handle/10635/148549
https://doi.org/10.1016/j.addma.2016.12.005

	A dynamic model for current-based nozzle condition monitoring in fused deposition modelling
	Abstract
	1 Introduction
	2 Methods
	2.1 Theoretical modelling of FDM process
	2.1.1 Filament extrusion dynamics
	2.1.2 Filament melt dynamics
	2.1.3 Total force dynamics
	2.1.4 Relationship between extruding torque and effective nozzle diameter

	2.2 Current-based nozzle condition monitoring
	2.3 Experimental setup, materials, and process parameters

	3 Results
	4 Discussions
	5 Conclusion
	References




