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= /

= ◦

=
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observed by the left subplots in Fig. 8, the initially derived viscosity and 
compressibility model coefficients come close to predicting the steady 
state flow rate given the observed pressure but significantly over predict 
the fluid capacitance at the start and stopping of the extrusion. By 
comparison, the final viscosity and compressibility coefficients elucidate 
the underlying physics. At the start of the extrusion, there is a significant 
delay in the output mass flow rate as the fluid capacitance builds. Af
terwards, the steady state mass flow rate closely matches the extruder 
mass flow rate. Finally, after the extruder is stopped, the output mass 
flow rate is provided by the decrease in the fluid capacitance. 

The behaviors across the 39 runs of varying flow rates and temper
atures are qualitatively similar that observed in Fig. 8, but there are 
significant differences in behavior. For those readers interested in the 
individual process and model behaviors, a set of 242 plots similar to 
Fig. 8 is provided in the supplemental materials corresponding to each of 
the 39 runs, for incompressible and compressible model coefficients, and 
the power-law, Ellis, and Cross models. The results suggest that the 
concurrent characterization of viscosity and compressibility is highly 
capable and yields reasonable constitutive model coefficients. However, 
there are some significant variances between the model results and 
observed behaviors. These variances are largely due to the invalidity of 
standard assumptions in view of unexpected process faults, which are 
now discussed. 

6. Fault diagnoses and discussion 

Each of the 39 sets of transient melt pressure data were extensively 
reviewed. Table 6 provides a summary of the observed behaviors of the 

dynamic data and fitted models plotted in the supplementary materials. 
Several different faults were identified as subsequently discussed that 
explain the observed variances in the melt pressure and modeled vis
cosity behavior such as those marked with an “x” in Fig. 7. The under
lying causes are consistent with polymer processing theory and are 

Table 6 
Summary of observed conditions, apparent viscosities, and faults.  

Run T, ◦C Q, uL/s P, MPa γ̇, 1/s  μ, Pa s  COV (%) Point in Fig. 6 Fault (s)  

1  240  20.00  11.642  3183.1  304.8  7.52 ❶ 1, 2  
2  240  14.14  6.585  2250.8  243.8  9.81 ❷ 1, 3  
3  240  10.00  3.930  1591.5  205.8  7.53 ❸ 1, 3  
4  240  7.07  2.700  1125.4  199.9  3.83 ❹ 3  
5  240  5.00  2.040  795.8  213.6  0.75    
6  240  3.54  1.733  562.7  256.7  0.50    
7  240  2.50  1.431  397.9  299.7  1.02    
8  240  1.77  1.100  281.4  325.7  0.55    
9  240  1.25  0.787  198.9  329.6  1.13  4  
10  240  0.88  0.421  140.7  249.2  2.78  4, 5  
11  240  0.63  0.180  99.5  150.9  3.76  4, 5  
12  240  0.44  0.085  70.3  100.9  7.10  4, 5  
13  240  0.31  0.025  49.7  42.3  23.88  4, 5  
22  220  14.14  8.202  2250.8  303.7  7.50  1, 3  
23  220  10.00  5.771  1591.5  302.2  3.43  1, 3  
24  220  7.07  4.245  1125.4  314.3  0.23  3  
25  220  5.00  3.248  795.8  340.2  0.27  3  
26  220  3.54  2.640  562.7  391.0  0.27    
27  220  2.50  2.185  397.9  457.6  0.33 ⓿   
28  220  1.77  1.829  281.4  541.8  0.58    
29  220  1.25  1.435  198.9  600.9  0.90  4  
30  220  0.88  1.112  140.7  658.6  1.94  4  
31  220  0.63  0.841  99.5  705.0  1.85 ❺ 4, 5  
32  220  0.44  0.572  70.3  677.5  3.33 ❻ 4, 5  
33  220  0.31  0.338  49.7  566.8  6.00 ❼ 4, 5  
34  220  0.22  0.124  35.2  294.0  11.18 ❽ 4, 5  
42  200  10.00  8.360  1591.5  437.8  0.01  1  
43  200  7.07  7.117  1125.4  527.0  0.05  1  
44  200  5.00  5.683  795.8  595.1  3.76    
45  200  3.54  4.380  562.7  648.6  0.23    
46  200  2.50  3.617  397.9  757.6  0.34    
47  200  1.77  3.052  281.4  903.9  0.54    
48  200  1.25  2.533  198.9  1060.9  0.27    
49  200  0.88  2.069  140.7  1225.7  0.26  4  
50  200  0.63  1.613  99.5  1351.5  0.20  4  
51  200  0.44  1.245  70.3  1474.6  1.72  4  
52  200  0.31  0.948  49.7  1587.6  1.98  4  
53  200  0.22  0.573  35.2  1357.8  4.08  4  
54  200  0.16  0.516  24.9  1729.1  4.79  4  

Fig. 9. (top) observed melt pressures for extrusion of ABS at 240 ◦C and flow 
rate of 20 mm3/s, and (bottom) inlet mass flow rates as well as modeled outlet 
mass flow rate assuming isothermal melt flow. 
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coded in Table 6 as (1) limited melting capacity of the hot end, (2) 
skipping (grinding) of the extruder drive gears, (3) low initial nozzle 
temperature, (4) varying flow rates associated with the intermeshing 
gear tooth velocity profile, and (5) delays and reduced melt pressures 
due to drool prior to extrusion. The details of these phenomena are 
obvious in hindsight but have not been previously diagnosed via pres
sure measurement.  

1. Limited melting capacity of the hot end: Fig. 9 provides the 
observed melt pressure for extrusion of ABS at 240 ◦C and an 
extruder flow rate of 20 mm3/s, which corresponds to point ❶ in 
Fig. 7. This flow rate is much greater than typical extrusion, corre
sponding to a print speed of 200 mm/s (12,000 mm/min) for a road 
having a width and height of 0.5 and 0.2 mm, respectively. The 
pressure data of Fig. 9 shows that the melt initially obtains an 
equilibrium at ① with the viscosity model fairly accurately pre
dicting the viscosity and mass flow rate as a function of the observed 
pressure. However, continued high mass flow rates draw significant 
heat from the hot end, such that the melt temperature drops and the 
melt pressure begins to increase significantly at ②. This increased 
melt pressure corresponds to the higher apparent viscosity at point ❶ 
as compared to point ❹ in Fig. 7. ABS is a shear thinning fluid, so a 
decreased viscosity would be expected for increased shear rate under 
isothermal conditions as shown for all of the viscosity models in 
Fig. 7. However, at high flow rates such as at point ❶ (as well as 
points ❷ and ❸) there is insufficient heat conduction from the hot 
end to the melt, causing a decrease in the melt temperature and an 
increased melt pressure and apparent viscosity. These results are 
consistent with finite element analysis of heat transfer within the hot 
end [22], which found that increasing the extruder flow rate from 
8.33 mm3/s to 25 mm3/s decreased the core temperature by 
approximately 150 ◦C for an extruder setpoint of 260 ◦C. The pres
sure and viscosity at point ❶ are artificially high because of the lower 
temperature – this point is further supported by the calculated mass 
flow rate given in Fig. 9. In the initial equilibrium at ①, the inlet and 
outlet flow rates are nearly the same, which is the expected behavior; 
however, the calculated outlet mass flow rate more than doubles as 
the melt pressure increases. Supplemental material 2b provides plots 
of pressure and flow rate in the style of Fig. 9 for all runs plotted in 
Fig. 7.  

2. Skipping (grinding) of the extruder drive gears: With further 
increased pressure in the melt pressure after ② in Fig. 9, a plateauing 
of the pressure is observed as the filament drive system stalls and 
ultimately skips at ③. The temporary reduction in the flow rate al
lows the melt temperature in the hot end to rise, thereby reducing the 
pressure until the melt begins to cool again. This behavior of melting 
and skipping was observed in the injection printing process with 
divots appearing in the injection in the cavities between the shell 
walls [23]; that paper explains the need for greater melting capacity 
in order to increase production speeds with additive manufacturing 
by material extrusion. While the transient data is helpful to charac
terize the melting capacity of hot ends and required drive torque, 
further research is planned to model the dynamic melt temperature 
using a modeling methodology similar to that implemented for melt 
flows in hot runners of injection molding [24].  

3. Low initial nozzle temperature: Fig. 10 plots the observed melt 
pressures for the next three experimental runs at 240 ◦C corre
sponding to flow rates of 14.1, 10, and 7.1 mm3/s. In each of the 
three cases, the melt pressure is observed to overshoot the steady 
melt pressure at ④. While it is possible that this pressure is caused by 
stress overshoot related to the entanglement of polymer networks 
[25,26], it is believed to be more likely caused by lower temperatures 
of the melt in the bore of the nozzle. Specifically, there is a 5 s delay 
between the extruder stoppage and the next start for characterization 
of the next flow rate. The cooling fan is constantly directing air over 
the hot end with a focus on the nozzle tip. As such, it is likely that the 
nozzle tip (with only indirect heating from its threaded engagement 
with the hot end) would cool and require higher initial melt pres
sures to clear. Furthermore, the time span of the overshoot increases 
with lower flow rates, which is consistent with the lower rates of melt 
convection at lower flow rates. 

Fig. 10 at ② also demonstrates the inadequate melting capacity at 
flow rates of 14.1 and 10 mm3/s. In these cases, there is an increase in 
the melt pressure that results in an overprediction of the mass flow rate 
that is due to decreased melt temperatures. The slope of the melt pres
sure at ❷ for a flow rate of 14.1 mm3/s suggests that this flow rate is not 
sustainable and would likely result in intermittent skipping of the drive 
gear. The melt pressure at ❸ for a flow rate of 10 mm3/s would likely be 
sustainable but could result in decreased extrudate melt temperatures 

Fig. 10. (top) observed melt pressures for extrusion of ABS at 240 ◦C and flow 
rate of 14.1, 10, and 7.1 mm3/s corresponding to points ❷, ❸, and ❹ in Fig. 7, 
and (bottom) inlet mass flow rates as well as modeled outlet mass flow rate 
assuming isothermal melt flow. 

Fig. 11. (top) observed melt pressures for extrusion of ABS at 240 ◦C and flow 
rate of 0.44, 0.31, 0.22, and 0.15 mm3/s corresponding to points ❺, ❻, ❼, and 
❽ in Fig. 7, and (bottom) inlet mass flow rates as well as modeled outlet mass 
flow rate assuming isothermal melt flow. 
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that could decrease the bond strength of the deposited roads.  

4. Varying flow rates associated with the intermeshing gear tooth 
velocity profile: The instrumented hot end has a theoretical pres
sure resolution of δP = 13MPa/216 = 0.0002MPa. The use of the 
word “theoretical” in the preceding sentence is intended to suggest a 
best case scenario in the absence of electrical noise, viscous drag 
between the melt sensor pin and sensing bore of the hot end, me
chanical vibration and acceleration effects, and other potential is
sues. While the true melt pressure resolution is unknown, the melt 
pressure measurement is certainly good enough to identify the 
occurrence of varying flow rates associated with gear tooth velocity 
as shown in Fig. 11. Specifically, the drive gears for the Micro Swiss 
direct drive extruder have 18 teeth spaced about a 10 mm diameter. 
At low flow rates, the intermeshing of the drive gears causes a non- 
uniform velocity profile [27] of the driven filament as evident in 
the melt pressures at ⑤ in Fig. 11. These melt pressure impulses are 
very repeatable and observable across a surprisingly broad range of 
flow rates – even the melt pressures plotted in Fig. 10 at high flow 
rates indicate the presence of high frequency pressure variation for 
the same reason. Fortunately, the bulk of the flow rate variation is 
absorbed by the fluid capacitance of the material being processed. 
However, some of this imbued flow rate variation is likely trans
mitted to the deposited roads as predicted in the outlet mass flow 
rates in Fig. 11 and can cause variations in surface finish and other 
part properties at low flow rates. 

5. Delays and reduced melt pressure due to drool prior to extru
sion: The red arrows at the bottom of Fig. 11 represent the 5 s delay 
between the extruder stoppage and the start of the next character
ization cycle; the left end of each arrow is aligned with the diamond 
representing the stoppage of the extruder. The start of the extrusion 
should coincide with the right side of each red arrow. However, there 
is delay until melt pressures are observed at lower flow rates such as 
⑥. The delay increases with decreasing flow rate and is likely caused 
by melt drool from the nozzle during the 5 s of idle time. Accord
ingly, the volume of the flow channels inside the hot end must refill 
with melt before a positive melt pressure is observed. Furthermore, 
the lack of melt densification prevents the realization of steady state 
flow rates that causes the reduced apparent viscosities at points ❺, ❻, 
❼, and ❽ in Fig. 7. 

7. Conclusion 

The research has established the feasibility for characterizing both 
the viscosity and compressibility behavior of material using an instru
mented hot end for additive manufacturing by material extrusion. The 
authors have not implemented Bagley end corrections [28–30] or the 
Weissenberg-Rabinowitsch shear rate corrections [31] since viscosity 
and compressibility behavior can be quickly characterized as described 
for any specific material/nozzle combination and so the underlying 
complicating phenomena are reflected by the behavior of the material 
processed in the apparatus and so empirically modeled to known sta
tistical fidelity. Still, the derived model coefficients reflect the observed 
system behavior and should provide better simulation and control re
sults than more sophisticated models that remove these effects, only 
then needing to add them back in with additional models to try and 
reconstitute the complex system behavior. The described modeling 
methodology was found to be highly effective and so will also be applied 
to explain transient variances observed in capillary rheology [32] that 
are now believed to be related to compressibility. 

The issues of melt flow rate, pressure, and temperature variations are 
clearly significant and need to be modeled and controlled to achieve 
higher production speeds and improved product quality. Indeed, the 
most critical issue in application of in-line characterization of viscosity 
and compressibility is the confounding between variations in melt 
temperature and melt pressure. The presented results suggest that the 

range of quasi-isothermal processing is quite broad, certainly valid for 
volumetric flow rates less than 5 cubic millimeters/s for this hot end 
design. Standard hot ends will not perform as well, and Osswald [33] 
suggests that there is often a very abrupt temperature transition at 
higher flow rates. For this reason, further research is recommended that 
implements internal infrared pyrometry to further study the melting 
dynamics and adiabatic heating as a function of flow rate [34]. 

Even so, the use of the instrumented hot end has led to vital insights 
into the underlying processing physics. The increased observability of 
the process can be used to reliably detect and compensate for processing 
faults in real time to such an extent that such instrumentation should be 
universally applied in production systems and critical applications to 
ensure that additively manufactured products by material extrusion are 
born qualified [35]. 

Supplemental Materials 

Supplemental materials include the data for the blocked and open 
nozzle experiments. Also provided are transient pressure and flow rate 
plots (similar to Fig. 9) of the compressible flow fitting for the power- 
law, Ellis, and Cross models for all 39 experimental runs. 

CRediT authorship contribution statement 

David O. Kazmer: Conceptualization, Formal analysis, Methodol
ogy, Software, Validation, Writing - original draft. Austin R. Colon: 
Validation, Writing - review & editing. Amy M. Peterson: Conceptu
alization, Writing - review & editing. Sun Kyoung Kim: Formal anal
ysis, Writing - review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

Portions of this work is based upon work supported by the National 
Science Foundation under Grant No. #1914651. Any opinions, findings, 
and conclusions or recommendations expressed in this material are 
those of the author(s) and do not necessarily reflect the views of the 
National Science Foundation. The first author was one of General 
Electric’s representatives to the Cornell Injection Molding Program from 
1990 to 1992 and thanks KK Wang as well as all the CIMP researchers for 
providing a vision that was central to his career and the tenets of this 
research; this author also recognizes C.A. (Neil) Heiber’s 1980 Fortran 
program Simplex1D to fit non-isothermal, non-Newtonian viscosity 
models from capillary rheometer data that provided a modeling para
digm for this specific work. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.addma.2021.102106. 

References 

[1] 2020, "Autodesk/Moldflow materials database for generic ABS." 
[2] H. Chiang, C. Hieber, K. Wang, A unified simulation of the filling and postfilling 

stages in injection molding. Part I: formulation, Polym. Eng. Sci. 31 (2) (1991) 
116–124. 

[3] Hwai Hai Chiang, "Simulation and Verification of Filling and Post-Filling Stages of 
the Injection Molding Process," PhD Dissertation, Mechanical Engineering, Cornell 
University, Ithaca, NY, 1989. 

[4] T.J. Coogan, D.O. Kazmer, In-line rheological monitoring of fused deposition 
modeling, J. Rheol. 63 (1) (2019) 141–155. 

D.O. Kazmer et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/j.addma.2021.102106
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref1
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref1
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref1
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref2
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref2


Additive Manufacturing 46 (2021) 102106

13

[5] T.J. Coogan, D.O. Kazmer, Modeling of interlayer contact and contact pressure 
during fused filament fabrication, J. Rheol. 63 (4) (2019) 655–672. 

[6] R.R. Panchal, D. Kazmer, "Characterization of polymer flows in very thin gaps," in 
International Manufacturing Science and Engineering Conference, 2007, vol. 
MSEC2007-31108, pp. 179–189. 

[7] J. Dymond, R. Malhotra, The Tait equation: 100 years on, Int. J. Thermophys. 9 (6) 
(1988) 941–951. 

[8] G.A. Neece, D.R. Squire, Tait and related empirical equations of state, J. Phys. 
Chem. 72 (1) (1968) 128–136. 

[9] P. Tait, Physics and chemistry of the voyage of HMS challenger, Sci. Pap. 2 (1888). 
[10] P. Zoller, The pressure–volume–temperature properties of three well-characterized 

low-density polyethylenes, J. Appl. Polym. Sci. 23 (4) (1979) 1051–1056. 
[11] P. Zoller, A study of the pressure-volume-temperature relationships of four related 

amorphous polymers: polycarbonate, polyarylate, phenoxy, and polysulfone, 
J. Polym. Sci. Polym. Phys. Ed. 20 (8) (1982) 1453–1464. 

[12] P. Zoller, D.J. Walsh, Standard Pressure-Volume-Temperature Data for Polymers, 
CRC Press, 1995. 

[13] D.O. Kazmer, C.M. Grosskopf, D. Rondeau, V. Venoor, Design and evaluation of 
general purpose, barrier, and multichannel plasticating extrusion screws, Polym. 
Eng. Sci. 60 (4) (2020) 752–764. 

[14] D. Kazmer, Injection Mold Design Engineering, second ed., Carl Hanser Verlag, 
Munich, 2016, p. 410. 

[15] M.L. Williams, R.F. Landel, J.D. Ferry, The relaxation distribution function of 
polyisobutylene in the transition from rubber-like to glass-like behavior, J. Appl. 
Phys. 24 (1953) 911–916. 

[16] J.D. Ferry, Viscoelastic Properties of Polymers, third ed., Wiley, New York, 1980. 
[17] E. Mitsoulis, O. Delgadillo-Velazquez, S.G. Hatzikiriakos, Transient capillary 

rheometry: compressibility effects, J. Non-Newton. Fluid Mech. 145 (2–3) (2007) 
102–108. 

[18] B.T. Kulakowski, J.F. Gardner, J.L. Shearer, Fluid systems. Dynamic Modeling and 
Control of Engineering Systems, Cambridge University Press, 2007, pp. 219–244. 

[19] T. Sochi, Using the Euler–Lagrange variational principle to obtain flow relations for 
generalized Newtonian fluids, Rheol. Acta 53 (1) (2014) 15–22. 

[20] T. Sochi, Analytical solutions for the flow of Carreau and Cross fluids in circular 
pipes and thin slits, Rheol. Acta 54 (8) (2015) 745–756. 

[21] S.K. Kim, Flow-rate based method for velocity of fully developed laminar flow in 
tubes, J. Rheol. 62 (6) (2018) 1397–1407. 

[22] J. Go, S.N. Schiffres, A.G. Stevens, A.J. Hart, Rate limits of additive manufacturing 
by fused filament fabrication and guidelines for high-throughput system design, 
Addit. Manuf. 16 (2017) 1–11. 

[23] D.O. Kazmer, A. Colon, Injection printing: additive molding via shell material 
extrusion and filling, Addit. Manuf. 101469 (2020). 

[24] B. Fan, D.O. Kazmer, R. Nageri, An analytical non-Newtonian and nonisothermal 
viscous flow simulation, Polym. -Plast. Technol. Eng. 45 (3) (2006) 429–438. 

[25] Y. Lu, L. An, S.-Q. Wang, Z.-G. Wang, Origin of stress overshoot during startup 
shear of entangled polymer melts, ACS Macro Lett. 3 (6) (2014) 569–573. 

[26] K. Osaki, T. Inoue, T. Isomura, Stress overshoot of polymer solutions at high rates 
of shear, J. Polym. Sci. Part B Polym. Phys. 38 (14) (2000) 1917–1925. 

[27] D. Yang, Z. Sun, A rotary m odel for spur gear dynamics, J. Mech. Des. 107 (4) 
(1985) 529–535. 

[28] E. Bagley, End corrections in the capillary flow of polyethylene, J. Appl. Phys. 28 
(5) (1957) 624–627. 

[29] M. Dees, M. Mangnus, N. Hermans, W. Thaens, A.-S. Hanot, P. Van Puyvelde, On 
the pressure correction of capillary melt rheology data, Rheol. Acta 50 (2) (2011) 
117–124. 

[30] E. Mitsoulis, S. Hatzikiriakos, K. Christodoulou, D. Vlassopoulos, Sensitivity 
analysis of the Bagley correction to shear and extensional rheology, Rheol. Acta 37 
(5) (1998) 438–448. 

[31] C. Hieber, H. Chiang, Shear-rate-dependence modeling of polymer melt viscosity, 
Polym. Eng. Sci. 32 (14) (1992) 931–938. 

[32] A. Moshe, D. Kazmer, S. Johnston, R. Malloy, S. Kenig, Analysis of variance in 
capillary rheometry, Polym. Eng. Sci. 56 (8) (2016) 895–904. 

[33] T.A. Osswald, J. Puentes, J. Kattinger, Fused filament fabrication melting model, 
Addit. Manuf. 22 (2018) 51–59. 

[34] C. Luo, X. Wang, K.B. Migler, J.E. Seppala, Effects of feed rates on temperature 
profiles and feed forces in material extrusion additive manufacturing, Addit. 
Manuf. 35 (2020), 101361. 

[35] R.A. Roach et al., "Born qualified grand challenge LDRD final report," Sandia 
National Lab.(SNL-NM), Albuquerque, NM (United States), 2018. 

D.O. Kazmer et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref3
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref3
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref4
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref4
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref5
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref5
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref6
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref7
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref7
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref8
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref8
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref8
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref9
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref9
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref10
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref10
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref10
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref11
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref11
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref12
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref12
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref12
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref13
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref14
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref14
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref14
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref15
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref15
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref16
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref16
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref17
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref17
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref18
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref18
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref19
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref19
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref19
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref20
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref20
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref21
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref21
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref22
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref22
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref23
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref23
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref24
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref24
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref25
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref25
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref26
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref26
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref26
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref27
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref27
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref27
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref28
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref28
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref29
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref29
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref30
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref30
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref31
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref31
http://refhub.elsevier.com/S2214-8604(21)00271-2/sbref31

	Concurrent characterization of compressibility and viscosity in extrusion-based additive manufacturing of acrylonitrile but ...
	1 Introduction
	2 Experimental
	3 Modeling and characterization of compressibility
	4 Incompressible modeling and characterization of viscosity
	5 Concurrent modeling of viscosity and compressibility
	6 Fault diagnoses and discussion
	7 Conclusion
	Supplemental Materials
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	References


