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A B S T R A C T   

Current material extrusion systems can produce complex parts but lack instrumentation for observability and 
control. To investigate methods for observing the material extrusion process, a printer is instrumented to 
examine the dependency chain from the motor shaft torque to the infeed load and finally the melt pressure and 
temperature. The transient rheological and thermal behavior of the material extrusion process and the effect of 
volumetric flow rate, nozzle orifice diameter, and temperature setpoint on the pressure estimate from each point 
in the dependency chain are reported. The work also presents pressure predictions from COMSOL Multiphysics 
non-isothermal flow simulations and an analytical (Poiseuille) model. The pressure estimated by the motor shaft 
torque is greater than the downstream pressure estimated by the infeed load, which is greater than the down
stream melt pressure in the hot end. In other words, both the torque sensor and the infeed load significantly 
overpredict the melt pressure. Significant variations in the pressures are also observed and explained. The 
findings demonstrate low and high frequency variation in the process, which can be attributed to gear eccen
tricity and teeth-to-filament engagement. The melt pressure variation is also observed to increase significantly at 
lower temperature set-points and higher flow rates, both of which reduce the melt temperature and thereby 
increase the viscosity. The increase in viscosity tends to reduce the viscous damping such that the variations in 
the filament infeed are transmitted through the hot end to the extrudate.   

1. Introduction 

Material extrusion additive manufacturing of thermoplastics is per
formed via an extrusion system mounted to a computer-controlled 
gantry, with the extrusion system typically comprised of a stepper 
motor, drive gear assembly, and hot end [1]. The stepper motor pushes 
the feedstock, in the form of a filament, into the hot end where it melts 
and passes through a nozzle orifice for deposition. This system design 
enables a variety of materials to be processed, using the driven feedstock 
to generate its own extrusion pressure, thereby providing users with 
design flexibility [2]. As an additive process, material extrusion also 
allows for designs of greater geometric complexity, relative to tradi
tional manufacturing techniques [3]. Additionally, this type of additive 
manufacturing provides enhanced complexity at a low-cost, in com
parison to other types of additive manufacturing [3]. Because of these 
advantages, this process sees application in a variety of industries, 
ranging from medical devices to unmanned air vehicles [4,5]. 

Despite its popularity, there are issues with the process, such as 
anisotropic mechanical properties [6] and processing artifacts such as 

voids and under-extrusion that result in stress concentrators [7]. There is 
also a lack of process observability, with most desktop systems providing 
only one sensor for the hot end temperature and another for the heated 
bed (if there is a heated bed). This lack of observability causes a lack of 
control over the rheological state of the material in the process related to 
the non-isothermal and transient flow in the hot end [8–10]. Additional 
sensors would enable inline rheological property characterization 
[11–15], part property prediction [16,17], process modeling [18], and 
advanced control strategies [19]. 

In the literature, there are instances of instrumentation for rheo
logical monitoring in material extrusion. Approaches include moni
toring the motor current [20], infeed load sensing via mounting the cold 
and hot end to a load cell [21–25], and placing a sensor in the nozzle to 
measure the pressure directly [26,27]. One work shows an example of a 
printer instrumented to measure motor current for the purposes of 
nozzle clog detection [28]. Serdeczny et al. report an infeed load sensor 
implemented to characterize the pressure required to extrude at 
different process conditions [22]. The work of Coogan and Kazmer uses 
a direct melt pressure measurement via a load column conveying the 

* Correspondence to: University of Massachusetts Lowell, 220 Pawtucket St, Lowell, MA 01854, USA. 
E-mail address: Austincolon97@gmail.com (A.R. Colon).  

Contents lists available at ScienceDirect 

Additive Manufacturing 

journal homepage: www.elsevier.com/locate/addma 

https://doi.org/10.1016/j.addma.2023.103780 
Received 27 April 2023; Received in revised form 18 July 2023; Accepted 11 September 2023   

mailto:Austincolon97@gmail.com
www.sciencedirect.com/science/journal/22148604
https://www.elsevier.com/locate/addma
https://doi.org/10.1016/j.addma.2023.103780
https://doi.org/10.1016/j.addma.2023.103780
https://doi.org/10.1016/j.addma.2023.103780
http://crossmark.crossref.org/dialog/?doi=10.1016/j.addma.2023.103780&domain=pdf


Additive Manufacturing 77 (2023) 103780

2

pressure from the melt to a beam-style load cell [26]. To date, there are 
no reports in the literature investigating the shaft torque of the extruder 
stepper motor as a means for rheological monitoring. Alternative tech
niques for in-situ monitoring include piezoelectric sensors for nozzle 
contact detection [29], infrared thermography [30,31], vibration sen
sors mounted to the print bed [32], and laser scanning technology [33], 
to name a few. 

Modeling efforts of rheology in material extrusion additive 
manufacturing range from analytical models to numerical finite element 
simulations. The work of Bellini et al. [34] is well-known for providing a 
solution that predicts the pressure drop along the length of the material 
extrusion nozzle. Other analytical solutions have been implemented 
based on the Bellini model or other approaches [35–40]. There are also a 
variety of numerical simulations [18,19,41–47]. The modeling as
sumptions vary. Common material constitutive models include Newto
nian, generalized Newtonian fluid, and viscoelastic [18,36]. Some 
models assume isothermal flow [35] while others do not [46]. Where the 
melting occurs in the nozzle also varies between the models; for 
example, Osswald et al. assume that melting occurs in the contraction of 
the nozzle, while Serdeczny et al. assume melting occurs as the ther
moplastic enters the nozzle. The thermal properties vary as a function of 
temperature in some simulations [18,41]. Additionally, some models 
include the thermal contact resistance between the processed material 
and the wall of the nozzle while others do not [18]. Some simulations are 
validated against experimental data gathered via open extrusions over 
the print bed [42,46], while others have shown use in process control 
[19]. In most models, the nozzle flow bore has a circular cross section. 

This work presents an experimental apparatus equipped to concur
rently measure the motor shaft torque, infeed load, melt pressure, and 
melt temperature in a custom hot end. The advantages and disadvan
tages of each sensing technique are listed in Table 1. Combined, the 
sensor measurements enable characterization of the pressure de
pendency chain. This work investigates how pressure estimates vary 
depending on the monitoring technique, and how different process pa
rameters affect the dependency chain. The instrumented printer also 
possesses an infrared (IR) array that enables melt temperature moni
toring. The results show the effect of process variables on the measured 
melt temperature in a custom hot end. 

2. Methodology 

2.1. Filament selection and characterization 

For these experiments, an acrylonitrile butadiene styrene filament 
(Hatchbox ABS, black) with a diameter of 1.75 mm is used. The material 
has a recommended processing temperature range of 210–240 ◦C. ABS is 
used because it is a popular material in both practice and research [48]. 
Following ASTM D3835–16, the filament was characterized using a 
capillary rheometer. Three temperatures and two die length to diameter 

ratios were used to enable correction of the apparent data and model 
fitting. The viscosity model selected is a power-law model with tem
perature dependency [49], as follows: 

η(γ̇, T) = kγ̇n−1 (1)  

where η is the viscosity, γ̇ is the shear rate, T is the temperature, and n is 
the power law index. In this form of the power-law model, the consis
tency index, k, incorporates temperature dependence via this equation: 

k(T) = k0exp( − A
(
T − Tref

)
) (2)  

where k0 is the consistency index at the reference temperature, A is the 
temperature sensitivity parameter and Tref is the reference temperature. 
The values for the coefficients fitted in MATLAB (Mathworks, Natick, 
MA) are shown in Table 2. 

Fig. 1 shows the shear viscosity versus the shear rate (the value at the 
wall) as well as the pressure drop for a typical nozzle orifice (0.40 mm 
diameter and 0.40 mm length) versus the volumetric flow rate. The 
abscissas of the top and bottom figures are aligned so that the volumetric 
flow rate and shear rate correspond for a 0.40 mm nozzle orifice 
diameter. The pressure drop was calculated using Poiseuille’s law [50]: 

Δp =
8ηQL
πR4 (3)  

where Δp is the pressure drop, Q is the volumetric flow rate, L is the 
length of the orifice bore, and R is the radius of the orifice bore. Fig. 1 
shows that the viscosity decreases as the shear rate and temperature 
increase, demonstrating the pseudoplastic behavior of ABS and the 
dependence of viscosity on temperature. The pressure drop across the 
nozzle orifice increases as a function of flow rate and decrease as a 
function of temperature. 

2.2. Experimental hardware 

For the experimental apparatus (see Fig. 2), a Creality (Shenzhen, 
China) Ender 5 Pro is adapted. The stock extruder is replaced with a 
Micro Swiss (Minneapolis, Minnesota) direct drive extruder, which is 
further modified to incorporate the 0.5 Nm torque sensor (Dongguan 
NanLi Co. Ltd., Guangdong, China) and the infeed and melt sensors 
(SparkFun Electronics, Niwot, CO, Part Number: SEN-14729, combined 
error of 0.05% of the full-scale value). An aluminide plate from i. 
Materialise (Leuven, Belgium) is used to mount the infeed and melt 
sensors as well as the IR array (HTPA32x32dR2-L5.0/0.85F7.7HiS, 
Heimann Sensor GMBH, Eltville, Germany). An aluminide bracket at
taches the infeed sensor to the cooling block and downstream hot end. A 
timing belt and pulley system transmits the rotation of the stepper motor 
to the torque sensor’s shaft. Details on data acquisition are included in 
supplementary materials section S.1. 

The hot end is a custom design shown in Fig. 3 that is manufactured 
in bronze by i.Materialise using a casting process. The design is intended 
to enhance the melting of the thermoplastic by lofting the circular inlet 
having a diameter of 2 mm to a thin slit having a width of 3 mm and a 
thickness of 1 mm. The thinness of the slit increases the rate of heat 
transfer while the wideness of the slit enables the use of a larger diam
eter load pin to increase the signal-to-noise ratio for melt pressure 
measurement compared to Coogan and Kazmer [26]. The slit geometry 

Table 1 
Advantages and disadvantages of the investigated monitoring techniques.  

Monitoring 
Technique 

Advantage(s) Disadvantage(s) 

Motor torque  • Least invasive to process  
• High sensitivity  

• Relatively large and 
expensive  

• Least reflective of states in 
nozzle 

Infeed pressure  • Least expensive option  
• Closer to nozzle orifice 

than motor torque  

• Farther from nozzle orifice 
than melt pressure 

Melt pressure  • Direct measurement  
• High sensitivity  

• Expensive, custom 
hardware  

• Most invasive to process 
Infrared melt 

temperature  
• Close to nozzle orifice  
• High sensitivity  

• Expensive, custom 
hardware  

• Calibration required  

Table 2 
Temperature-dependent power-law model co
efficients for ABS.  

Coefficient Value 

n 0.3406 
k0 [Pa-s] 46679 
A [◦C-1] 0.02197 
Tref [◦C] 178.32  
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also provides for the addition of a window opposing the load pin for 
viewing the melt. Here, a zinc selenide (ZnSe) lens is held in place by a 
set screw with a through-hole to provide a window for the infrared (IR) 
radiation from the melt to pass through to the IR array. Nozzles with 
varying orifice sizes are from McMaster-Carr (part numbers 3695N301, 
3695N304, 3695N306, Elmhurst, IL, USA) and are made of brass. Two 
40 W heater cartridges are used in the hot end to provide double the 
heating power of a typical hot end. A thermistor is used to control the 
temperature of the hot end. A pin with a diameter of 3.02 mm is used to 
transmit the applied stress from the melt in the hot end to the load cell. A 
nylon hex bolt provides a contact surface to transmit the resulting force 
to the load cell while minimizing heat transfer. Fig. 3 shows the typical 
nozzle design (3695N304) with a nozzle orifice diameter and length of 
0.40 mm. 

2.3. Experimental factors 

To study the dependency chain in the material extrusion process, the 
volumetric flow rate, temperature setpoint, and the nozzle orifice 
diameter are varied one factor at a time. The volumetric flow rates used 
are 1 mm3/s, 5 mm3/s, and 10 mm3/s. These volumetric flow rates are 
based on common print speed values used in the material extrusion 
process and correspond to road widths 0.05 mm larger than the nozzle 
diameter and a road height of 0.20 mm [22,51,52]. The temperature 
setpoints used are 200 ◦C, 225 ◦C, and 250 ◦C, based on the recom
mended processing temperature range for the ABS filament. To study the 
effect of nozzle orifice diameter, nozzles with orifice diameters of 
0.25 mm, 0.40 mm, and 0.60 mm are used. All three nozzle orifices have 
a length equal to their diameter. The most common nozzle diameter 
used in desktop material extrusion systems is 0.40 mm [1,45,53]. The 
other two diameters are selected to bracket that value. There are a total 
of seven unique runs, as shown in Table 3. 

The test procedure begins by allowing the hot end temperature to 
equilibrate for 2 min before each unique run is performed. Then, a 
creeping flow of 0.6 mm3/s is maintained for two minutes to ensure a 
steady process without material degradation. The process then dwells 
without filament retraction. The material is then extruded approxi
mately 75 mm above the print bed for three minutes. Throughout, the 
data acquisition system collects the data from the torque, infeed, and 
melt sensors, and the IR array collects images. 

2.4. Analysis 

The sensor voltages are collected by the data acquisition system at a 
scan rate of 50 kHz and multiplied by a gain value determined by a 
calibration experiment using known loads. The infeed and melt sensors 
produce force readings when multiplied by their gains, while the torque 
sensor produces a torque value when multiplied by its gain. To estimate 
the melt pressure, the force on the melt load cell is divided by the cross- 
sectional area of the load pin. For the infeed pressure, the force 
measured by the load cell is divided by the cross-sectional area of the 
filament. For the torque sensor, the shaft torque is divided by the pitch 
radius of the gear, 3.875 mm, then divided by the cross-sectional area of 
the filament to get a drive pressure estimate. 

The IR data is collected as a 32 by 32 grid of temperature across the 
field of view at a scan rate of 8 Hz. To analyze the IR images, the matrix 
of temperatures at each time step is imported into MATLAB as a text file. 
The images are first masked to focus the analysis on the ZnSe lens. Once 
the images are masked, the average voltage value across the remaining 
pixels is calculated. A quadratic equation is then used to convert the 
average voltage value to a temperature value. The quadratic equation is 
determined by a calibration experiment where the hot end is allowed to 
reach thermal equilibrium at known temperature values. For both the 
pressure data and the temperature data, the average and standard 

Fig. 1. Shear viscosity versus shear rate and estimate pressure drop versus volumetric flow rate for a nozzle orifice 0.40 mm in diameter and 0.40 mm long. The data 
points represent model values. For the shear viscosity, the model values are calculated with Eq. 1. The pressure drop is across the length of the nozzle orifice, 
calculated using Eq. 3. 
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deviation of temperature are calculated by using the last one hundred 
seconds of data during the extrusion. 

3. Numerical Simulation and Analytical Modeling 

3.1. General methodology and equations 

The system is modeled in SolidWorks (Dassault Systemes, Vélizy- 
Villacoublay, France). The model is then imported into COMSOL Mul
tiphysics (COMSOL, Inc., Burlington, MA, USA). The air around the hot 
end is modeled as a cylinder, with the volume of the hot end body, heat 
sink, PTFE tube, nozzle, heater cartridges, and thermoplastic removed. 
The components besides the air are modeled as their own domains. The 
thermoplastic is divided into a solid filament, the molten material in the 
hot end body and nozzle, and a solid extrudate. A non-isothermal flow 
simulation is used to model the material inside the hot end body and 
nozzle. The fluid flow of the air is not simulated, but convection is still 
accounted for and will be discussed later. To model the flow of the 
polymer, the three conservation equations for mass, momentum, and 
energy are considered at steady state [54]: 

∇ • (ρu) = 0 (4)  

ρ(u • ∇)u = ∇ •

[

− pI + μ
(
∇u + (∇u)

T)
−

(
2
3

)

μ(∇ • u)I
]

(5)  

ρCp(u • ∇T) + ∇ • ( − k∇T) = τ : ∇u −

(
1
ρ

)(δρ
δT

)
T(u • ∇p) (6)  

where ∇ is the gradient operator, ρis the density, u is the velocity vector, 
p is the pressure, I is the identity matrix, μ is the dynamic viscosity, the 
superscript T indicates the transpose operation, Cp is the specific heat at 
constant pressure, T is the temperature, k is the thermal conductivity, 
and τ is the viscous stress tensor. It should be noted that the flow is 
steady in a Eulerian sense, but not in a Lagrangian approach. The strain 
rate tensor is defined as: 

γ̇ = (
1
2
)(∇u + (∇u)

T
) (7)  

where γ̇ is the strain rate tensor. The shear rate is defined as the 
magnitude of the strain rate tensor: 

γ̇ =
̅̅̅̅̅̅̅̅̅̅̅
2γ̇ : γ̇

√
(8) 

For the thermoplastic, the viscous stress tensor is defined by New
ton’s law of viscosity: 

τ = 2μγ̇ (9) 

To calculate the dynamic viscosity, Eq. 2 is substituted into Eq. 1, and 
the resulting viscosity value is used. This equation is implemented in 
COMSOL for the material’s viscosity by calculating the shear dependent 
portion of Eq. 1 using a piecewise function and calculating the tem
perature dependent portion from Eq. 2 as an analytical function; the 
product of the resulting values gives the desired viscosity. In the solid 
domains and the air, only the energy conservation equation is consid
ered, for heat transfer purposes. The terms for viscous heating and 
pressure work are not included when the energy equation is 

Fig. 2. The instrumented extrusion system.  
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implemented in these domains. Convection is accounted for in the air 
domain via calculation of a Nusselt number applied to the conduction 
term of the energy equation, resulting in convectively-enhanced 
conduction. 

3.2. Assumptions and boundary conditions 

For the thermoplastic, the flow is assumed to be compressible, non- 
Newtonian (shear thinning), non-isothermal (temperature-dependent 
viscosity), laminar, and at steady state. A no-slip boundary condition is 
assumed at the wall. The inlet condition at the entrance of the hot end 
body with a constant velocity profile is prescribed by a user-defined 
volumetric flow rate and the outlet pressure is defined as atmospheric 
pressure of 101,325 Pa. The density, specific heat, and thermal con
ductivity of the thermoplastic are assumed to vary with temperature. 
Also, viscous dissipation is assumed to occur within the melt [55]. 

For the brass, bronze, stainless steel, and PTFE components, their 
thermal conductivity, specific heat, and density are assumed constant. 
The air properties are modeled as a function of temperature and there is 

convective heat transfer governed by a user defined Nusselt number 
[56] as mentioned previously. Details on the material properties for the 
solid phases and air are presented in supplementary materials section 
S.2 and calculation of the Nusselt number is included in supplementary 
materials S.3. 

To model the ambient temperature around the system, a temperature 
condition is defined on the outer surface of the cylinder surrounding the 
hot end. To simulate the thermistor being at temperature, the temper
ature is set as the temperature setpoint on the boundaries of the 
thermistor port. A heat source boundary condition is used to simulate 
the heater cartridges providing power to heat the system, with a heat 
rate value of 80 W, distributed across the surface of the heater cartridge 
domains. Contact resistance between the melt and hot end and between 
the hot end threads and the threads of the nozzle is modeled in this 
simulation, similar to contact resistance in an injection mold [57]. De
tails on contact resistance modeling are in supplemental materials sec
tion S.4. 

3.3. Meshing 

The modeled melt has a finer mesh than the rest of the model because 
computational fluid dynamics (CFD) requires a fine mesh to be accurate. 
Specifications on the size of the mesh are included in supplementary 
materials section S.5. A sensitivity analysis is performed to ensure the 
mesh is appropriate. The average mesh size in the melt and extrudate 
domains was refined from 0.288 mm to 0.226 mm with a 0.045% 
change in behavior, which indicates the mesh effects are minimal. Fig. 4 
shows the mesh, as well as some of the boundary conditions imple
mented in the model. 

3.4. Analytical Model 

In addition to the numerical simulation, the Poiseuille equation (Eq. 
3) is used to calculate the pressure drop. The pressure drop between the 

Fig. 3. A cross-sectional view of the custom hot end, showing how a load column transfers the pressure from the melt to a load cell, as well as the ZnSe lens.  

Table 3 
Implemented design of experiments.  

Run 
(description) 

Volumetric Flow 
Rate [mm3/s] 

Temperature 
[◦C] 

Nozzle 
Diameter 
[mm] 

1 (center point)  5  225  0.4 
2 (low flow rate)  1  225  0.4 
3 (high flow 

rate)  
10  225  0.4 

4 (low 
temperature)  

5  200  0.4 

5 (high 
temperature)  

5  250  0.4 

6 (small orifice)  5  225  0.25 
7 (large orifice)  5  225  0.60  
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load pin and the nozzle orifice is estimated as the sum of the pressure 
drops in the lower half of the slit (assuming an equivalent hydraulic 
diameter), the nozzle entrance bore, and the nozzle orifice. The minor 
losses were calculated using the following equation [56]: 

Δp =
KLρV2

2
(10)  

where KL is the loss coefficient and V is the flow velocity in the tube with 
the smaller diameter. The values of KL depend on the geometry of the 
contraction or expansion [56]. Going down the length of the hot end 
flow bore, the minor losses are calculated as follows:  

1. The loft from the slit geometry to the circular flow bore is considered 
a gradual expansion with a loss coefficient value of 0.121. This loss 
coefficient is calculated by using linear interpolation between values 
of 0.15 and 0.10 given for an included expansion angle of 20◦ with 
diameter ratios of 0.6 and 0.8, respectively [56]. The diameter ratio 
for the gradual expansion from the slit to the loft is 0.715, since the 
hydraulic diameter of the slit is 1.36 mm and the diameter of the 
circular cross section at the end of the hot end flow bore has a 
diameter of 1.9 mm.  

2. A sudden expansion from the diameter of the hot end body’s circular 
flow bore to the nozzle entrance bore diameter has a loss coefficient 
of 0.019, since the diameters are close with the circular cross-section 
at the end of the hot end body being 1.9 mm and the nozzle entrance 
bore diameter being 2.0 mm. The equation used to calculate this 
calculate this KL is as follows [56]: 

KL = α(1 −
d2

D2)
2 (11)  

where α is equal to 2 for fully developed laminar flow, d is equal to 
the pipe diameter prior to the expansion, and is equal to the diameter 
after the expansion.  

3. The KL for a contraction with an included angle of 60◦ is 0.07 [56]. 
Typical pressure losses due to the contraction from the entrance bore 
diameter to the nozzle orifice diameter are on the order of 0.38 Pa, 
0.060 Pa, and 0.011 Pa for 0.25 mm, 0.40 mm, and 0.60 mm nozzle 
orifice diameters, respectively, at a volumetric flow rate of 5 mm3/s 
and assuming the density of ABS is 1042 kg/m3. 

A diagram is provided in supplementary materials section S.6 that 
indicates where these minor losses occur in the hot end. 

4. Results 

Transient pressure plots of the three different sensor measurements 
are shown in Fig. 5. Each subplot is for a different experiment volumetric 
flow rate with the same nozzle orifice diameter of 0.40 mm and tem
perature setpoint of 225 ◦C. The torque sensor always provides a pres
sure estimate greater than the other two sensors, and the infeed sensor 
pressure is always greater than the melt pressure measurement. All three 
sensors show that the pressure increases with the volumetric flow rate. 
After the creeping flow concludes, the torque sensor reading does not 
return to zero, indicating that there is strain retained within the torque 
sensor that is not relieved when the gear stops rotating. 

The torque sensor measurements show the most variation over time, 
followed by the infeed sensor and then the melt sensor. This variation is 
not noise, but rather has low and high frequency components related to 
the eccentricity of the gears on the shaft and the individual burs biting 
into the filament as later discussed. These torque variations are indica
tive of transient compressive stresses applied to the filament that are 
transmitted to the infeed load sensor and melt pressure sensor. The 

speed of sound in the material is v =
̅̅
E
ρ

√
∼ 1000 m/s with a modulus, E, 

around 1 GPa and density, ρ, around 1000 kg/m3. Accordingly, no sig
nificant phase lag is expected given the short distances, while damping is 
observed given viscous dissipation. 

With the imposed experimental flow rates, the maximum pressure of 
7 MPa is observed at the torque sensor with the 10 mm3/s volumetric 
flow rate, while the minimum pressure of 0.80 MPa is observed at the 
melt sensor with the 1 mm3/s volumetric flow rate. The pressure also 
tends to overshoot at the start of the experimental extrusion. Similar 
overshoots in the pressure, or feeding force, are seen at the start of 
extrusion in other works [42]. This overshoot is believed to be due to 
cooler nozzle material temperatures at the start of extrusion, which then 
increase due to viscous dissipation and heat transfer from the heated 
material to the nozzle. 

The transient pressure values for the three nozzle orifice diameters 
are shown for a volumetric flow rate of 5 mm3/s and a temperature 
setpoint of 225 ◦C in Fig. 6. The torque sensor detects very similar loads 

Fig. 4. Model mesh of a) the overall geometry, b) the melt alone, c) the inlet, and d) the outlet.  
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during extrusion for the 0.25 and 0.40 mm orifice diameters with a 
reduction in the load for the 0.60 mm nozzle orifice diameter. The 
infeed pressure exhibits a decrease from its initial value for all three 
nozzle orifice diameters, and similar behavior is seen in the melt pres
sure sensor. These behaviors are generally consistent with expectations 
based on the Poiseuille equation of Eq. (10), though the range of pres
sures is diminished by the shorter length of the nozzle bores. 

The transient pressures for different temperature setpoints using the 
0.40 mm nozzle orifice diameter and a volumetric flow rate of 5 mm3/s 
are shown in Fig. 7. The data shows that the pressure decreases as a 
function of temperature setpoint for all three sensors. The variation in 
the pressure measurement also appears to decrease as a function of 
temperature setpoint. These two behaviors also follow expectations. 

First, the viscosity decreases with temperature per Eq. (2), which cor
responds to the lower observed pressures. Second, elevated tempera
tures also increase the ratio of the loss to storage modulus, which 
accounts for the increased damping observed. In other words, the ma
terial has more solid-like behavior at lower temperatures and provides 
direct transmission of the applied stresses from the drive gear. 

Fig. 8 shows the main effects for each steady state sensor response 
(average during the 180 s of experiment flow rate with error bars rep
resenting the standard deviation) as a function of each factor. All the 
results show that the average pressure decreases as the sensor location 
gets closer to the nozzle. For the left subplot of Fig. 8, where a 0.40 mm 
nozzle orifice diameter and temperature setpoint of 225 ◦C are used, the 
average pressure increases for all three sensors as a function of 

Fig. 5. Transient pressure data from the three sensors at three volumetric flow rates. The lefthand plot is for 1 mm3/s, the middle plot is for 5 mm3/s, and the 
righthand plot is for 10 mm3/s. All the data was collected with a nozzle orifice diameter of 0.40 mm and a temperature setpoint of 225 ◦C. 

Fig. 6. Transient pressure data from the three sensors at three nozzle orifice diameters. The lefthand plot is for 0.25 mm, the middle plot is for 0.40 mm, and the 
righthand plot is for 0.60 mm. The data was collected at a temperature setpoint of 225 ◦C and a volumetric flow rate of 5 mm3/s. 
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volumetric flow rate, as seen in the transient data. The error bars imply 
that the standard deviation for the torque sensor is greater than the other 
two sensors, and that the standard deviation tends to increase as a 
function of volumetric flow rate for all three sensors. The middle subplot 
of Fig. 8, where a temperature setpoint of 225 ◦C and volumetric flow 
rate of 5 mm3/s are used, shows that the 0.60 mm nozzle orifice diam
eter has a lower pressure estimate than the other two nozzle orifice di
ameters, based on the torque sensor. The same is true for the infeed 
sensor. For the melt sensor, the average pressure more clearly decreases 
as a function of nozzle orifice diameter. The righthand plot of Fig. 8, 
where a 0.40 mm nozzle orifice diameter and a volumetric flow rate of 
5 mm3/s are used, shows the pressure as a function of the temperature 
setpoint and indicates that the standard deviation of the temperature 

decreases as a function of temperature setpoint. The low temperature 
setpoint and the high volumetric flow rate provide the highest pressures, 
while the low flow rate provides the lowest pressure. 

Fig. 7 also plots the results of the numerical simulation and analytical 
model. For the COMSOL model, the trends in the modeled melt pressure 
generally agree with the experimental data, though the modeled values 
undershoot the experimental values across all conditions. The COMSOL 
model underpredicts the pressure drop because the experimental tem
perature of the material at the measurement port may be lower than the 
predicted temperature at that location in the simulation. This results in a 
higher viscosity and more pressure required for the material to flow. For 
comparison, the analytical Poiseuille equation and the minor losses were 
calculated from halfway down the slit to the bottom of the nozzle orifice. 

Fig. 7. Transient pressure data from the three sensors at three temperature setpoints. The lefthand plot is for 200 ◦C, the middle plot is for 225 ◦C, and the righthand 
plot is for 250 ◦C. All the data was collected with a nozzle diameter of 0.40 mm and a volumetric flow rate of 5 mm3/s. 

Fig. 8. Average measured pressure versus the factors for each sensor. The modeled pressure using COMSOL and the analytical Poiseuille equation are also shown. For 
the measured data, the data points are the average values and the error bars represent one standard deviation. 
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The total pressure was then calculated by adding the estimated pressure 
loss to atmospheric pressure. One likely reason why the analytical model 
underpredicts the pressure more than the COMSOL model is because it 
assumes that the processed material is at a uniform temperature while 
the temperatures are known to vary based on experiments and COMSOL. 

The measured pressure loss in the melt is shown as a function of each 
factor in Fig. 9 wherein the measured pressure loss is calculated as the 
difference between the infeed pressure and the melt pressure measure
ment. For the lefthand subplot, the pressure loss increases as a function 
of the volumetric flow rate. The standard deviation in the pressure loss 
also increases as a function of volumetric flow rate for reasons related to 
melt temperature as subsequently discussed. For the middle subplot, 
pressure losses are expected to be constant since the melt flow rate and 
temperature are constant. The results show that there is no clear trend in 
the pressure loss as a function of nozzle orifice diameter, though the 
pressure loss is slightly lower for the 0.25 mm nozzle orifice diameter 
than the other two sizes. For the righthand subplot, the pressure loss 
decreases as a function of temperature setpoint. The standard deviation 
of the pressure loss also decreases as a function of temperature setpoint. 
Both of these results are expected given the decreased viscosity as a 
function of increasing temperature. 

Fig. 10 shows the temperature measured by the IR array as a function 
of time. The dashed vertical lines indicate when the experimental flow 
rate starts and ends. Each curve represents a different volumetric flow 
rate. As the volumetric flow rate increases, the temperature drop during 
extrusion increases, indicating non-isothermal conditions in the hot end. 
This plot also shows that there is an initial drop and slight recovery of 
the temperature over the course of about one minute for the 5 mm3/s 
and 10 mm3/s data sets. The 1 mm3/s data set shows no decrease in the 
temperature during extrusion. Approximately 30 s into the experiment 
flow rate, temperature oscillations of 3 and 6 ◦C are observed for the 
5 mm3/s and 10 mm3/s data, respectively. The initial decrease is likely 
due to the drawdown in temperature given the thermal mass of the hot 
end upon the increase in flow rates and related heat conveyance to the 
processed material. Some of the temperature drop is then restored upon 

further heating of the hot end by its closed loop controller, although a 
steady state error is observed. While the steady state error can be 
reduced by moving the feedback temperature sensor closer to the melt, 
the transient behavior is a significant concern given the frequent starting 
and stopping of the extruder during nozzle repositioning in the additive 
manufacturing. 

Fig. 11 shows the average measured temperature values during the 
creeping flow phase of the experiment and the average temperature 
during the extrusion at the experimental flow rate. The lefthand plot 
shows the temperature as a function of volumetric flow rate, and in
dicates the observed trend from the transient data, with the 1 mm3/s 
data points overlapping and the 10 mm3/s temperature dropping to 
around 222 ◦C. As shown in the middle plot, the average temperature 
during creeping flow is observed to decrease as a function of nozzle 
diameter. The average temperature during the experiment flow rate also 
decreases. From the righthand plot, the temperature increases as a 
function of temperature setpoint. 

The melt temperature at the creeping flow rate and experiment 
volumetric flow rate are plotted in Fig. 12. The lefthand subplot shows 
that the temperature decreases as the volumetric flow rate increases. 
The middle plot shows that the 0.40 mm nozzle is the only one that 
shows a decrease in the temperature upon extruding at the commanded 
volumetric flow rate for the same volumetric flow rate and temperature 
setpoint. The righthand subplot shows that the temperature decreases 
slightly more for the center and high temperature setpoints than the low 
temperature setpoint. Overall, the most significant factor is the experi
mental volumetric flow rate. 

5. Discussion 

For the transient measurements, increased pressure as a function of 
volumetric flow rate comports with expectations since the shear rate and 
shear stress will increase as a function of the volumetric flow rate. The 
pressure changes as a function of temperature and nozzle orifice diam
eter are also consistent with expectations. It also is reasonable that the 

Fig. 9. Measured pressure loss in the melt versus the factors. The data points are average values and the error bars represent one standard deviation.  
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torque sensor produces the greatest pressure estimate because it is the 
closest to the motor and there will be frictional losses in the gearing, feed 
tube, inlet to the hot end, melting channel of the hot end, and nozzle. 
The torque sensor reading decaying slower than the other two sensors 
was unexpected but may suggest that the solid filament is compressed by 

the driven gear when extrusion ends, resulting in the torque remaining 
at a nonzero value until the filament is removed or extrusion begins 
again. Alternatively, the bearings for the gears and shafts may have 
friction that requires movement to release residual forces. The infeed 
sensor readings observed between the direct melt pressure and the 

Fig. 10. Transient measured temperature data for a nozzle diameter of 0.40 mm and a temperature setpoint of 225 ◦C.  

Fig. 11. Measured temperature versus the factors. The data points are average values and the error bars represent one standard deviation.  
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torque sensor are expected as well because there is material between the 
infeed sensor and the other two. 

The variations in the signals across the sensing techniques is an 
important indicator of the variations in flow rate that may affect all gear- 
driven material extrusion processes. Fig. 13 plots the first 22 s of the 
sensor readings for the center point of the experiment design (run 1 of 
Table 3 with a flow rate of 5 mm3/s); the added symbols are solely for 
trace identification. The observed high frequency pulses correspond to 
the 17 discrete gear teeth engaging the filament. Specifically, the gear 

pitch diameter is 7.75 mm and corresponds to a driven filament length 
of 24.35 mm per gear turn. For a filament diameter of 1.75 mm, this 
driven length corresponds to a volumetric displacement of 58.5 mm3 per 
gear turn. Across the 22 s of Fig. 13, approximately 110 mm3 of material 
will be extruded at a flow rate of 5 mm3/s. This extruded volume cor
responds to about two turns of the drive gears. Direct inspection 
(counting of the 38 high frequency peaks) shows that they directly 
correspond to the engagement of the filament by the 17 teeth during 
each full rotation of the gears. These high frequency pulses can be 

Fig. 12. Temperature shift upon extrusion versus the factors. The data points are average values and the error bars represent one standard deviation.  

Fig. 13. Pressure versus time for 0.40 mm nozzle orifice diameter, 225 ◦C temperature setpoint and 5 mm3/s volumetric flow rate for a few rotations of the 
extruder gear. 
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transmitted to the infeed load sensor and (depending upon the process 
conditions, magnitude of variation, and material rheology) can also be 
transmitted to the melt pressure in the hot end as reported by [11] and 
clearly shown in the left subplot of Fig. 6, among others. 

While the high frequency variation is concerning, even more con
cerning is the low frequency behavior. The source of these low frequency 
variations is the eccentricity of the drive gear on the driven D-shafts. 
Specifically, a sliding fit clearance, typically on the order of 0.1 mm for a 
5 mm shaft diameter allows for ease of assembly of the gear onto the D- 
shaft. The angular position of the gear is then fixed using a secured set 
screw pressing against the flat on the D-shaft and driving eccentricity of 
the drive gear. Given the gear pitch of 7.75 mm, an eccentricity of 
0.1 mm would mean that the flow rate varies in a sinusoidal fashion with 
an amplitude of 2.6% (0.1/7.75) with every rotation of the drive gears. 
This low frequency variation is transmitted to the melt in the hot end 
and is a root cause of variation in all gear-driven material extrusion 
processes. The analysis in the prior paragraph indicates that the drive 
gears rotate twice, yet four low frequency peaks are clearly observed in 
Fig. 13; this behavior indicates that the two gears are oriented so that the 
flats on their D-shafts are nearly 90◦ out of phase. The magnitude of low 
frequency variation will change based on the gear design and relative 
orientation (and resulting phase angle) between the driving and driven 
gear. To reduce the low frequency variation, tighter fits or press fitting 
the drive gears to the driven shafts is recommended. 

The temperature varying as a function of volumetric flow rate is 
expected, as the increasing flow rate transports more material at 
ambient temperature into the hot end, resulting in a decreased melt 
temperature. It is also expected that the temperature would equilibrate 
at a value between the initial lower temperature and the original tem
perature once the volumetric flow rate reaches steady state. For the 
0.25 mm and 0.60 mm nozzle orifice diameters, the temperature re
mains stable when the extruder performs the experiment flow rate. This 
may be due to pressure work counteracting the influx of ambient tem
perature material for the 0.25 mm nozzle. For the 0.60 mm nozzle 
orifice diameter, the temperature of the material is already slightly 
lower than the setpoint during the creeping flow and it stays at that 
temperature during the commanded volumetric flow rate. This behavior 
is likely due to the shear stress required to extrude the material through 
this orifice at the volumetric flow rates prescribed being lower than the 
shear stress in the other nozzle orifices, making it easier for the hot 
material to flow out and the cold material to flow in. For the temperature 
shift as a function of temperature setpoint, the higher of the two tem
perature setpoints show greater decreases in the temperature for the 
same nozzle orifice diameter and volumetric flow rate. This greater 
temperature shift is likely due the rate of convective heat transfer being 
proportional to the temperature gradient, meaning the greater the dif
ference between the temperature setpoint and ambient temperature (the 
temperature of the material being fed into the hot end), the greater the 
rate of heat transfer from the material in the hot end to the material 
entering the hot end. This phenomenon leads to a greater decrease in 
temperature at higher temperature setpoints. 

Looking at the signals from the three different sensors, the melt 
pressure and melt temperature are likely most valuable because they are 
directly adjacent to the melt and indicative of the process states in situ. 
However, these sensors require a custom hot end design, not only 
increasing its mass but also potentially affecting the process, e.g., due to 
heat conduction. The torque sensor, on the other hand, exhibits excel
lent sensitivity and is the least invasive, but the data is far removed from 
the processed melt. The infeed load sensor provides a compromise be
tween the other two sensors. It is closer to the melt than the torque 
sensor and does not disturb the flow of the polymer, but is also less 
indicative of the process states in the nozzle. Currently, infeed load 
sensors are being adopted and are certainly better than nothing for 
quality assurance. We believe that high temperature piezoelectric and 
ultrasonic sensors located in the hot end or nozzle are likely to provide 
more compact, less invasive, and high-quality solutions in the future. 

6. Conclusions 

These experiments show that the pressure required to extrude ABS in 
thermoplastic material extrusion additive manufacturing increases with 
volumetric flow rate and decreases with nozzle orifice diameter and 
temperature setpoint, consistent with processing theory. The pressure 
measured by the shaft torque sensor is shown to always be greater than 
the pressure measured by the infeed load and melt pressure sensors, and 
the infeed load pressure is always shown to be greater than the melt 
pressure. The torque sensor is observed to have the greatest variation out 
of the three, due to its sensitivity to the extruder gear geometry and 
assembly. Additionally, the pressure loss in the melt, between the infeed 
and melt sensors, is found to increase as a function of volumetric flow 
rate and nozzle orifice diameter, and decrease as a function of the 
temperature setpoint. The COMSOL model is shown to estimate the 
trends observed in the melt pressure well for all factors, despite under
predicting the experimental values. The Poiseuille model underpredicts 
the melt pressure due to isothermal and Newtonian flow assumptions. 

The melt temperature is found to vary as a function of the volumetric 
flow rate and the temperature setpoint, but not the nozzle diameter, 
which are all expected results. The decrease in melt temperature likely 
contributes to greater increases in the pressure with volumetric flow 
rate, since the viscosity will be higher at lower temperatures. Overall, 
this work shows how the pressure and behavior at the stepper motor 
affect the pressure downstream, that the pressure and flow are sensitive 
to the extruder configuration, and that the melt pressure sensor provides 
the clearest estimation of the rheological state within the hot end. Care 
should be taken in selecting and mounting drive gears to minimize low 
and high frequency variation respectively due to gear eccentricity and 
teeth-to-filament engagement. 
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