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Abstract: Silicone rubbers are relatively new in additive manufacturing, with only a few commercial 

printing services and reports on custom-built printers available. Publications and standards on cal-

ibration and accuracy assessment are especially lacking. In this study, the printhead calibration pro-

cess of a custom-built silicone printer is explained, and a set of test objects is proposed and evalu-

ated. The printer in use is based on an open-source filament printer, capable of multi-material print-

ing with silicone rubbers and thermoplastic polymers. Three different high-viscosity single-compo-

nent liquid silicone rubbers and one polylactic acid thermoplastic filament were used as printing 

materials. First, the calibration process of the silicone printhead was conducted, and the dependency 

of the dosing accuracy on silicone viscosity, nozzle diameter and extrusion speed was evaluated. 

Second, various test specimens were proposed and printed to characterize the accuracy and geo-

metric limitations of this printer. These test parts contained features such as thin walls, slender tow-

ers, small holes and slots, unsupported overhangs and bridges. It was concluded that silicone vis-

cosity strongly affects geometric inaccuracies. Design recommendations were deducted from the 

results, advising for wall thicknesses above 1 mm, slenderness ratios below 2, bridging lengths be-

low 2 mm and unsupported overhang angles below 30°. 
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1. Introduction 

1.1. Silicone Rubber 3D Printing 

Additive manufacturing (AM), or 3D printing, is a group of technologies that is trans-

forming industry and research by enabling the manufacturing of complex objects from 

various materials without expensive tooling [1–6]. One of the quickly advancing domains 

is 3D printing with various fluid materials that solidify upon some physical or chemical 

stimulus after deposition, resulting in a soft object. This includes a large variety of mate-

rials, such as hydrogels, waxes or rubbers, and the deposition may happen via continuous 

extrusion or droplet jetting [1]. Such materials have been used in regenerative medicine 

and tissue engineering [7–9]. Recent advances in material development also made extru-

sion-based silicone rubber printing available [7,10,11] to a greater variety of medical and 

technical applications. While silicone rubber 3D printing is already available through var-

ious commercial services and off-the-shelf printers [12–15], detailed reports [16] on cus-

tom-built systems—including their setup and calibration—are scarce, even though cus-

tom-built systems may offer greater freedom in customization and lower costs in research. 

Citation: Jaksa, L.; Pahr, D.;  

Kronreif, G.; Lorenz, A. Calibration  

Dependencies and Accuracy  

Assessment of a Silicone Rubber  

3D Printer. Inventions 2022, 7, 35. 

https://doi.org/10.3390/ 

inventions7020035 

Academic Editor: Joshua M. Pearce 

Received: 19 March 2022 

Accepted: 31 March 2022 

Published: 4 April 2022 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and institu-

tional affiliations. 

 

Copyright: © 2022 by the authors. Li-

censee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/). 



Inventions 2022, 7, 35 2 of 17 
 

1.2. Accuracy and Geometric Limitation Assessment 

Every AM technology—including silicone printing—bears various strengths and 

weaknesses, which must be considered in any given use case. Geometric accuracy and 

object stability are important factors, since those influence design freedom. To help the 

assessment of geometric capabilities of various AM systems, several studies [17–21] and 

standards [22–24] have been published. Geometric limitation assessment is a prerequisite 

for any further testing, such as mechanical characterization [25–27], since it is preferrable 

to confirm the manufacturability and accuracy of test specimens before proceeding to fur-

ther assessments that require those specimens. In theory, printing such test objects should 

help the user decide whether the system in question can manufacture a desired product. 

However, many recommended test objects are general and ignore significant differ-

ences among various technologies [21,24]. Moreover, it is often recommended to test the 

feasibility of different features on a single, complicated test object [21]. While this ap-

proach simplifies and speeds up the assessment process, it makes dimension measure-

ments from certain angles difficult and also runs the risk of “failure transfer”, where the 

failure of one feature influences the success of another feature, potentially distorting test 

results. Failure transfer is especially dangerous in extrusion-based technologies, where 

the material from a failed feature can accumulate on the nozzle and get transferred—and 

deposited—elsewhere, influencing the success of other features. 

Even though such shortcomings are pronounced in both filament-based [28] and 

fluid extrusion-based printing, they are more neglected in the case of fluid printing in-

cluding silicone printing. In addition, apart from failure transfer, the viscosity and cross-

linking kinematics of the used silicone material may also influence geometric limitations 

in the case of extrusion-based silicone printing. The evaluation of unstable features, such 

as high slenderness ratio columns, thin shells, small holes and slots, unsupported over-

hangs and bridges, is important in many use cases, but test methods and specimens de-

signed for this technology—that also reduce the chance of failure transfer—seem to be 

lacking in current standards and best practice. 

1.3. Research Objectives 

There were two aims to this study. The first was to investigate the influence of extru-

sion speed, nozzle diameter and printing material viscosity on the dosing accuracy of a 

custom-built silicone 3D printer through a detailed calibration protocol. This may be help-

ful for researchers aiming to build their own custom fluid printer based mostly on open-

source filament printer hardware, firmware and software. The second aim was to establish 

an accuracy testing approach that limits the chance of failure transfer and points out the 

geometric limitations with regards to various geometric features. The identified geometric 

limits were also compared to those of thermoplastic filament printing, which was used as 

a benchmark due to the fact of its popularity and accessibility. 

2. Materials and Methods 

The printer system used in this study was introduced elaborately in [29]; therefore, 

the description given here for the printer and the materials is relatively brief. However, 

the calibration process of the fluid extruder and the objects for geometric limitation as-

sessment are described in detail. 

2.1. Printer and Materials 

The custom 3D printer used in this study (Figure 1) consisted of a Railcore II 300 ZL 

3D printer [30] (Railcore Labs LLC, Goshen, IN, USA) with an E3D V6 filament hotend 

[31,32] (E3D-Online Ltd., Oxford, UK), extended with an additional Viscotec Vipro-HEAD 

3/3 dual fluid extruder [33] (Viscotec GmbH, Töging am Inn, Germany). In the latter, the 

liquid silicone rubber material is fed from two 55 mL pressurized cartridges (both at 6 

bars) to each extruder. Only one of the two silicone extruders was used for printing in this 
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study, but both may be used within the same print run. The system relies on a Duet 2 

control board [34], which allowed for the extension with the Viscotec extruders. 

 

Figure 1. (A) The moving unit of the Railcore II 300 ZL printer, extended with the Viscotec Vipro-

HEAD 3/3 fluid extruder; (B) the printing nozzles; (C) the printer frame. 

Three high-viscosity single-component liquid silicone rubbers—AMSil 20101, 20102 

and 20103, Elkem Silicones (Lyon, France) [35]—were used. These materials are designed 

for 3D printing via extrusion at room temperature, therefore no heating or other means of 

energy input is required during printing. After printing an object, minimum 24 h of curing 

time is allowed on room temperature before any evaluation. The filament printhead used 

a poly-lactic acid (PLA) thermoplastic filament (Material 4 Print GmbH, Löhne, Ger-

many), which was chosen as a benchmark due to the popularity and accessibility of PLA 

filaments. The properties of all used printing materials are visible in Table 1 based on the 

corresponding technical datasheets. Further description concerning the initial test prints 

with the printer system is available in [29]. The materials are referred to as 20101, 20102, 

20103 and PLA in the rest of this study.  
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Table 1. The relevant datasheet properties of the printing materials used in this study. 

Material Properties 
Elkem  

AMSil 20101 

Elkem  

AMSil 20102 

Elkem  

AMSil 20103 

Material4Print-

PLA 

Dynamic viscosity 1  

(1 Hz) in Pa·s 
410 535 1080 - 

Dynamic viscosity 1  

(10 Hz) in Pa·s 
120 115 270 - 

Density in g/cm ³ 1.01 1.30 1.04 1.24 

Recommended print-

ing temperature in °C 
RT3 RT RT 210 

Recommended bed  

temperature in °C 
RT RT RT 60 

Tensile strength 2 in 

MPa 
1.1 3.5 2.5 60 

Elongation at break 2 

in % 
400 450 500 - 

Hardness (Shore A) 18 34 25 - 

Color translucent white translucent black 
1 Of fluid material; the frequency values should be understood as sinusoidal excitation frequencies 

in a standard viscometer. The lower viscosity values at higher frequencies (higher shear rates) imply 

thixotropy; 2 of solid material; 3 at room temperature. 

2.2. Fluid Extruder Calibration 

The calibration of the Viscotec fluid extruder for each material is important before 

any printing test, since the material viscosity and the nozzle diameter both influence the 

dosing accuracy. The following description focuses on the fluid extruder and 3D printer 

used in this study, but the calibration process is likely transferable to other extruders and 

printer electronics. All data handling in this work was done in Microsoft Excel, and 

PrusaSlicer v2.3.0 (Prusa Research a.s., Prague, Czech Republic) was used for print file 

generation. 

Typically, in filament 3D printers, a calibration coefficient, expressed in step/mm (of 

filament), is used to define the relationship between stepper motor revolution and fila-

ment pushed forward. However, no filament is present in a fluid extruder, which makes 

it more practical to “think” in terms of extruded fluid volume instead of extruded length. 

This necessitates the calculation of an “equivalent filament diameter” (EFD) to use a fluid 

extruder with a filament 3D printer firmware and slicer software (PrusaSlicer) that 

“thinks” in filament length instead of volume. It was practical to use a 1.13 mm EFD that 

returns approximately 1 mm3 volume (V1) for each 1 mm of “equivalent filament” length 

(h1), as expressed in Equation (1) below, based on the simple formula of the volume of a 

cylinder. 

��� = �
4��

ℎ��
= �

4

�
≅ 1.13 mm (1)

where �� = 1 mm�; ℎ� = 1 mm. 

This value was used in the slicer software as a filament diameter setting. After this 

step, the value of the calibration coefficient (normally given in step/mm) in the printer 

configuration file may also be interpreted in step/mm3. 

Each of the two extruders of the printhead featured an encoded DC motor with built-

in position controller, which—from the perspective of the printer control board—made 

them appear as high angular resolution stepper motors with a 12,500 step/revolution con-

stant. Furthermore, each extruder revolution pushed forward a theoretical volume of 30 
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mm3 according to the manufacturer. However, the flow rate stemming from these theo-

retical values is heavily influenced by fluid viscosity and nozzle diameter. Knowing the 

theoretical volume/revolution (Vrev = 30 mm3) and the motor step/revolution (cmotor = 12,500 

step/rev) values, the theoretical calibration coefficient ccalib,theor can be calculated according 

to Equation (2). 

������,����� =
������

����

=
12500

30
≅ 417 

step

mm³
 (2)

In our case, this returned a 417 step/mm3 (or step/mm of 1.13 mm imaginary EFD 

filament) theoretical calibration coefficient. However, this had to be adjusted due to the 

significant losses caused by a high fluid viscosity and small nozzle diameter. Characteriz-

ing this underextrusion for a given material, nozzle and speed was conducted by first 

commanding the printer to extrude a desired amount of material volume (Vcmd, usually 

500 mm³ in our measurements). A weighing of the extruded material followed (mextr) using 

a KERN PES 4200-2M laboratory scale (Kern&Sohn GmbH, Balingen, Germany), calculat-

ing the extruded volume (Vextr) through known density (ρmat, values in Table 1) and, fi-

nally, calculating the volume error (ε) as shown in Equation (3). This was repeated for 

different extruder screw rotation speeds (ω) up to 20 revolutions per minute, which cov-

ered the practical range of usage in this study. The graph resulting from the data points 

shows the connection between extrusion volume error and extrusion speed, assuming a 

constant material viscosity and density, feed pressure and nozzle diameter. 

�(�) =
�����(�)  −  ����

����

∙ 100% (3)

where ���� = const;  �����(�) =
�����(�)

����
. 

These extrusion volume errors along the various nozzle diameters and extrusion 

speeds were compared across the three silicone rubber materials and three different noz-

zle diameters. The most practically relevant nozzle diameter (0.41 mm) was chosen for 

further investigations, since this is the closest to the standard 0.40 mm nozzle diameter 

frequently used in thermoplastic filament printing, making it an ideal choice for compar-

isons. The extrusion volume error with the chosen 0.41 mm nozzle was speed dependent 

over the available extrusion speed range. This is problematic, since in each printhead 

move, there is an initial acceleration and final deceleration phase, swiping over all possi-

ble extrusion speeds between zero and the desired printing speed. If one could only com-

pensate extrusion errors with a single constant multiplier in the firmware—by changing 

the calibration coefficient—one would need to accept either an overextrusion at the begin-

ning and end of each printed line, or an underextrusion in the middle, because the extru-

sion error is speed dependent. 

Fortunately, the firmware of the Duet 2 control board offers a feature that allows for 

a compensation with a second-order polynomial. The extrusion correction factor ccorr is 

calculated according to Equation (4), where A, B and C are user-defined parameters, and 

v is the volume flow command understood in mm3/s. Equation (4) also defines the con-

nection between this volume flow command and the extruder screw rotation speed. The 

nonlinear compensation feature is accessible with G-code command M592 in the Duet 

firmware, for which the proper syntax and a further description are found in [36]. It must 

be noted that the naming of the parameters (i.e., A, B and C) is slightly different here than 

in [36] to make reading easier. 

����� = ���(�) + ��(�) + � =
1

1 +  �(�)
 (4)

where �(�) =
� ∙ ���� 

�� 
=

�

�
 
���

�
. 
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The extrusion correction factors were calculated from the relative volume error data 

obtained in the previous step, using three materials, focusing on a 0.41 mm nozzle diam-

eter. While the A and B parameters of the fitted second-order polynomials provided the 

parameters to use in G-code command M592, the parameter C helped us determine the 

true calibration coefficient (ccalib,true) according to Equation (5). 

������,���� = ������,����� ∙ � (5)

For this study, the parameters in Table 2 ensured sufficient printing accuracy for the 

test specimens described in the following subsection. With this, the extruder calibration 

for each silicone material is complete. The process described in this subsection may serve 

as a reference for other self-built systems featuring similar deposition principles but dif-

ferent hardware and firmware. 

2.3. Assessment of Geometric Limitations 

The next step after calibration was evaluating the geometric limitations of the printer 

with the given materials. This was conducted by printing different geometries that 

demonstrated various features both in the layer plane and the building direction. The cho-

sen geometries are described further in this subsection. To minimize the chance of “failure 

transfer”, different geometries were printed in different print runs, while all replicates of 

the same geometry were printed sequentially within the same run. 

All silicone rubber and PLA objects were printed at a constant 30 mm/s printing 

speed, understood as the target travel speed of the printhead on its trajectory. All objects, 

except shells, featured a double-line contour, a 0.3 mm layer thickness and a 100% recti-

linear infill structure with the infill printed before the contour in each layer. The silicone 

rubber objects were printed with a 0.41 mm nozzle with direct contact to the unheated 

building platform. The PLA objects were printed at a 200 °C nozzle and a 60 °C building 

platform temperature with a 0.4 mm nozzle and with two raft-layers to increase stability 

during printing. These rafts were removed after printing. All printing was conducted in 

an ambient temperature of 20–25 °C and 60–70% relative humidity; both were logged with 

an EL-USB-2 logging device (Lascar Electronics Ltd., Salisbury, UK) and placed next to 

the printer. After printing, the silicone objects were left in the same ambient conditions to 

crosslink for 24 h; then, they were carefully removed from the building platform using a 

razor blade. 

The silicone nozzle diameter choice of 0.41 mm (0.4 mm for filaments) also deter-

mines the minimal feature size with the given nozzle by constraining the thickness of a 

single extruded line. In our case, this extruded line width was 0.46 mm (0.45 mm for fila-

ments) according to PrusaSlicer. Thus, a theoretical minimal positive feature size in the 

layer plane could be determined without the need to print specimens. It must be noted 

that printing thinner or thicker lines is also possible through certain G-code generator 

software tools [37] or controlled under- or overextrusion, but such manipulations were 

out of the scope of this study. 

All printed objects (Figure 2) were weighed, and their mass was compared to their 

expected mass as a form of quality control. A ±5% relative mass error was chosen as an 

acceptance threshold to qualify for further assessment. Once qualified, the integrity of the 

qualitative specimens (Figure 2a,b) was judged based on visual inspection, while the de-

formations of quantitative specimens (Figure 2c–e) were examined further with pro-

filometers. 
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Figure 2. Test objects for the geometric limitation assessment printed from 20102 silicone rubber. 

The assessed features were (A) thin walls; (B) tower-like structures; (C) holes and slots in the layer 

plane; (D) unsupported bridges; (E) unsupported overhangs. 
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To qualitatively assess the stability of thin walls, cylindrical shells 20 mm in height 

and 20 mm in diameter were printed with triple-, double- and single-line walls (Figure 

2a). Each wall thickness variation was printed 3 times per material, and they were as-

signed to 3 outcome categories based on visual inspection of integrity: “failed” (meaning 

that the object completely collapsed); “deformed” (meaning that the object suffered some 

deformation but maintained its posture); “successful” (meaning that the object was 

printed as intended as far as a simple visual inspection was concerned). Examples of this 

categorization is visible in Figure 3. The same categorization was performed with a series 

of full cylinders, where 2 levels for height (i.e., 10 and 20 mm) and 3 levels for diameter 

(i.e., 3, 6 and 9 mm) were used (Figure 2b). These resulted in various height-over-diameter 

ratios (slenderness ratios) that provided insight into how nozzle forces influenced the suc-

cess of “tower-like” structures. A “success score” was also introduced as a convenient way 

of comparing overall stability across materials in the case of thin-walled cylinders and 

tower-like features. Cases of failure did not contribute to the score, while deformed and 

successful objects contributed 0.5 and 1 points, respectively. With 3 replicates of 9 different 

object configurations (Figure 2a,b), this success score could range from 0 to 27 points for 

each material. 

 

Figure 3. Examples of the categorization for cylindrical shells and columns made of 20101 silicone. 

Quantitative insight into the behavior of small through holes and slots in the layer 

plane was provided by printing 6 rectangular plates with holes and slots of various diam-

eters andwidths, respectively, with each material. These dimensions ranged from 0.5 to 3 

mm with 0.5 mm increments, while the overall dimensions of the plate were 31.5 ×22 × 5 

mm (Figure 2c). Each hole diameter and slot width were measured manually on a Nikon 

V-12 manual profile projector (Nikon Corp., Tokyo, Japan) once, in the direction parallel 

with the longer side of the object. 

To quantitatively evaluate bridging stability, rectangular blocks were printed with a 

rectangular through hole (or “window”) of 5 mm in height and varying widths (2, 4 and 

6 mm) in their middle (Figure 2d). The width of this through hole represented the bridge 

length, since closing this feature required unsupported bridging movement during print-

ing. The envelope height and thickness of these rectangular blocks were 15 and 8 mm, 

respectively, while the width was 16 mm plus the bridge length. For the evaluation of 

overhangs, parallelogram blocks of 20 mm side lengths (all parallelogram sides) and 10 

mm in thickness were printed with 30°, 45° and 60° overhang angles measured down-

wards from vertical (Figure 2e). Each configuration of these bridge and overhang speci-

mens was printed 6 times per material. 

The bridge and overhang specimens were evaluated using an OGP MVP Smartscope 

300 automatic profilometer (QVI Inc, Rochester, NY, USA). A custom measurement pro-

gram was written to determine the geometric inaccuracies of the unstable areas of the 

specimens automatically. In the case of overhangs, this meant comparing the non-over-

hanging side of the parallelogram block to the overhanging side by measuring their dis-

tance at 10 evenly distributed points for the 45° and 60° specimens and 11 points for the 

30° specimens as explained by Figure 4a. For the bridge specimens, the sagging of the 

bridge was measured through 10 evenly distributed points along the bridge length as 



Inventions 2022, 7, 35 9 of 17 
 

shown in Figure 4b. In the case of the PLA bridge specimens, some stringing between the 

“bridgeheads” caused the measurement program to confuse the strings with the actual 

bridge in some cases, corrupting approximately 8% of the data points. These largely out-

lying values were easy to identify and were removed from the data set. 

 

Figure 4. Measured dimensions on the overhang (A) and bridge (B) specimens. 

After the measurements, the average errors and their deviations were calculated for 

all quantitative specimens. Finally, the correlation coefficients between the silicone viscos-

ity values (Table 1) and all average errors were calculated. 

3. Results 

The extrusion volume error curves—calculated using Equation (3)—of one silicone 

material (20103) are visible in Figure 5 with three different nozzles. The results with the 

other two silicones showed similar trends, but the nonlinearities were somewhat less pro-

nounced due to the lower viscosities. 

 

Figure 5. Extruded volume errors against extrusion speed with three different nozzle diameters us-

ing the 20103 silicone. The other two silicones showed similar behavior. 

Applying Equation (4) to the data points shown in Figure 5, in the case of the 0.41 

mm nozzle, provided the required compensation factors for the precise material dosing. 

These factors are visible in Figure 6. Fitting a second-order polynomial to the factors in 

Figure 6 reveals the parameters A, B and C as defined by Equation (4). The same steps 

were repeated for the other two silicones (also in Figure 6), and the resulting parameters 

are shown in Table 2. The second-order “A” coefficients were neglected in all three cases 

due to the fact of their near-zero value, even though smaller nozzle diameters would likely 
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yield more pronounced A values. Moreover, the “true” calibration coefficients in Table 2 

were calculated using Equation (5). These were directly used in the printer firmware as 

step/mm values. 

 

Figure 6. Compensation factor curves based on the volume error measurement results of all three 

silicone materials with a 0.41 mm nozzle diameter. 

Table 2. Compensation parameters and calibration coefficients for the used materials. 

Material A B C 
True Calibration Coefficients 2 in 

Step/mm³ 

20101 0 0.0159 1.2147 506 

20102 0 0.0371 1.1544 481 

20103 0 0.1155 1.1092 462 

PLA 1 - - - 837 
1 Nonlinear compensation was not used for the E3D V6 filament printhead, and the calibration co-

efficient should be understood in step/mm. 2 These coefficients were used in the printer configura-

tion file, and for silicones, they were only valid if the “filament” diameter in the slicer software was 

set to our EFD value, namely, 1.13 mm. 

After ensuring proper dosing accuracy on the silicone printhead through calibration, 

all of the specimen types presented in Figure 2 were printed, with three replicates per 

level for the qualitative specimens (i.e., shells and columns) and six replicates per level for 

all other specimens., After weight check, the overall relative mass error of all printed ob-

jects was 0.52 ± 2.17%, and all objects were within the permitted range of ±5%. This way, 

the effectiveness of the calibration process of the silicone printhead was verified, and all 

printed objects qualified to further assessment. Meanwhile, the PLA specimens showed 

an overall relative mass error of 0.26 ± 1.32%, and all specimens were within a ±4% range. 

The results of inspecting the cylindrical shells and columns are summarized in Table 

3, showing that there was no case of variability for the same material and geometry: all 

three objects always fell in the same category. The success scores of the materials showed 

that the PLA outperformed the silicone prints and that higher silicone viscosity had a sta-

bilizing effect.  
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Table 3. Results after qualitative visual observation of thin shells and columns, with each object 

categorized as “Failed” (Fail.), “Deformed” (Def.) and “Successful” (Succ.). 

Object 
20101 20102 20103 PLA 

Fail. Def. Succ. Fail. Def. Succ. Fail. Def. Succ. Fail. Def. Succ.

Shell-1 line 0 3 0 0 3 0 0 3 0 0 0 3 

Shell-2 line 0 0 3 0 0 3 0 0 3 0 0 3 

Shell-3 line 0 0 3 0 0 3 0 0 3 0 0 3 

Column 1 H10 × 3 3 0 0 3 0 0 3 0 0 0 3 0 

Column H10 × D6 0 0 3 0 0 3 0 0 3 0 0 3 

Column H10 × D9 0 0 3 0 0 3 0 0 3 0 0 3 

Column H20 × D3 3 0 0 3 0 0 3 0 0 0 3 0 

Column H20 × D6 3 0 0 3 0 0 0 3 0 0 0 3 

Column H20 × D9 0 3 0 0 0 3 0 0 3 0 0 3 

Success score 2 
0 3 12 0 1.5 15 0 3 15 0 3 21 

15 16.5 18 24 
1 In the case of columns, H refers to height in mm, and D refers to diameter in mm. 2 A material’s 

“Success score” was determined by giving 0 points after failed, 0.5 points after deformed, and 1 

point after successful objects including all shells and columns. This metric helps the comparison of 

materials. 

The objects with holes and slots of various sizes in the layer plane (Figure 4c) pro-

vided information both on the minimal feature size that stays open, and the offsets that 

occur in the case of these two types of features. The results from the manual profilometer 

measurements of six replicates are found in Table 4. Both the average dimensional errors 

and their standard deviations were further averaged for both feature types (i.e., holes and 

slots) and for all features for each material, allowing a comparison of material perfor-

mances. The PLA object produced less error variability but similar error magnitude to 

silicone objects. 

Table 4. Results from the manual profilometer measurements on the holes and slots specimens. 

Feature 

20101 20102 20103 PLA 

Closed 

(of 6) 

Error 

Average 

in mm 

Error SD 

in mm 

Closed 

(Of 6) 

Error 

Average 

in mm 

Error SD 

in mm 

Closed 

(of 6) 

Error 

Aver-

age in 

mm 

Error SD 

in mm 

Closed 

(of 6) 

Error 

Average 

in mm 

Error SD 

in mm 

Hole 1 D0.5 6 – – 6 – – 6 – – 6 – – 

Hole D1.0 6 – – 6 – – 6 – – 6 – – 

Hole D1.5 6 – – 5 –1.26 – 6 – – 6 – – 

Hole D2.0 1 – -1.37 0.38 1 –1.11 0.11 2 –0.93 0.10 6 – – 

Hole D2.5 0 –1.04 0.26 0 –1.13 0.47 0 –0.70 0.28 0 –0.67 0.07 

Hole D3.0 0 –1.12 0.25 0 –1.00 0.33 0 –0.97 0.14 0 –0.63 0.07 

Slot 1 W0.5 5 –0.27 – 2 –0.25 0.05 2 –0.21 0.17 6 – – 

Slot W1.0 2 –0.40 0.22 1 –0.26 0.07 0  –0.03 0.18 0 –0.43 0.02 

Slot W1.5 0 –0.34 0.16 0 –0.35 0.19 0 0.02 0.04 0 –0.38 0.03 

Slot W2.0 0 –0.27 0.16 0 –0.25 0.14 0 0.02 0.05 0 –0.39 0.05 

Slot W2.5 0 –0.30 0.14 0 –0.27 0.13 0 0.05 0.08 0 –0.47 0.04 

Slot W3.0 0 –0.22 0.12 0 –0.23 0.10 0 –0.14 0.34 0 –0.47 0.05 

Hole Avg. - –1.18 0.30 - –1.12 0.30 – –0.87 0.17 – –0.65 0.07 

Slot Avg. - –0.30 0.16 - –0.27 0.11 – –0.05 0.14 – –0.43 0.04 

Combined 

Average 2 
- –0.59 0.21 - –0.61 0.18 – –0.32 0.15 – –0.49 0.05 
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1 In the case of both holes and slots, D refers to the hole diameter in mm, and W refers to slot width 

in mm. 2 The average values for all objects of a given material was taken to aid comparison between 

materials. 

The bridge and overhang specimens helped us characterize the stability of unsup-

ported features. The automatic profilometer measurement results based on six specimens 

of each level of each object type are presented in Table 5. The average sagging and stand-

ard deviation values (of six replicates) were also further averaged here for both object 

types to allow for a comparison across materials. 

Table 5. Results from automatic profilometer measurements on the bridge and overhang specimens. 

Object Level 

20101 20102 20103 PLA 

Sagging 

Average 

in mm 

Sagging 

SD in mm 

Sagging 

Average in 

mm 

Sagging 

SD in mm 

Sagging 

Average in 

mm 

Sagging 

SD in mm 

Sagging Av-

erage in mm 

Sagging SD 

in mm 

Bridge 2 mm 0.554 0.151 0.683 0.164 0.596 0.422 0.571 0.399 

Bridge 4 mm 0.959 0.171 0.857 0.177 1.015 0.416 0.703 0.435 

Bridge 6 mm 1.311 0.293 1.335 0.351 1.599 0.545 0.595 0.288 

Overhang 30° 0.961 0.205 1.409 0.194 1.092 0.162 0.026 0.298 

Overhang 45° 1.557 0.586 1.779 0.711 1.786 0.586 0.805 0.569 

Overhang 60° 3.732 1.775 3.382 1.942 3.937 1.999 0.479 1.013 

Bridge Average 0.941 0.205 0.959 0.231 1.070 0.461 0.623 0.374 

Overhang Average 2.083 0.855 2.190 0.949 2.271 0.915 0.436 0.627 

Combined Average 
1 

1.512 0.530 1.574 0.590 1.671 0.688 0.530 0.500 

1 The average values for all objects of a given material was taken to aid comparison between mate-

rials. 

The last rows of Tables 3–5 all contain some form of averaging over all results in each 

test, concerning each material separately. These values were introduced to help us evalu-

ate material performance in a general manner and to reveal correlations between silicone 

rubber flow viscosity and geometric freedom. The respective correlation coefficients were 

calculated and are shown in Table 6. 

Table 6. Correlations between silicone viscosity and results seen in Tables 2–5. 

Material 20101 20102 20103 
Correlation Coefficient with 

Viscosity @ 1 Hz 

Correlation Coefficient with 

Viscosity @ 10 Hz 
Viscosity @ 1 Hz in Pa·s (from Table 1) 410 535 1080 

Viscosity @ 10 Hz in Pa·s (from Table 1) 120 115 270 

Correction factor model B parameter  

(from Table 2) 
0.016 0.037 0.116 1.000 0.974 

Correction factor model C parameter  

(from Table 2) 
1.215 1.154 1.109 -0.907 -0.803 

Cylinder/column success score  

(from Table 3) 
15 16.5 18 0.940 0.851 

Holes/slots combined average error in 

mm (from Table 4) 
–0.59 –0.61 –0.32 0.973 1.000 

Holes/slots combined average error 

standard deviation in mm (from Table 

4) 

0.21 0.18 0.15 -0.901 -0.794 

Bridges/overhangs combined average 

sagging in mm (from Table 5) 
1.512 1.574 1.671 0.976 0.911 

Bridges/overhangs combined average 

sagging standard deviation in mm 

(from Table 5) 

0.530 0.590 0.688 0.979 0.917 
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4. Discussion 

The goals of this study were to demonstrate the calibration process of a fluid extruder 

using experimental firmware features (Section 2.2.) to establish a test method to evaluate 

the geometric limitations of this type of silicone printing compared to thermoplastic fila-

ment extrusion (Section 2.3.) and, finally, to reveal dependencies on silicone viscosity con-

cerning geometric stability and accuracy. 

4.1. Assessment of Geometric Limits 

The results from the qualitative stability tests (Table 3) show that all three silicone 

rubbers struggled to maintain form in the case of a single-line cylindrical shell and that 

the PLA material—unsurprisingly—outperformed silicones in this regard. This suggests 

that a minimum of two contour lines should be used in case of printing similar structures 

with silicone rubbers, implying a minimum wall thickness of approximately 0.92 mm us-

ing a 0.41 mm nozzle. The 10 mm tall columns were stable with all materials down to 6 

mm in diameter, which yields a slenderness ratio of 1.67. In this case, the PLA material 

performed similarly to the silicones. On the other hand, the 20 mm tall silicone columns 

(except for 20101, which never succeeded here) were only successful with a 9 mm diame-

ter (slenderness ratio 2.22), while it was also possible to print the 6 mm diameter versions 

with PLA (slenderness ratio 3.33). 

A potential explanation for the difference between PLA and silicone performance 

may be found in the bending stress caused by the nozzle swiping over the top of the col-

umns during printing [26,38] while the bottom of the column was fixed (given sufficient 

adhesion). As silicones take several hours to crosslink, the columns remain highly com-

pliant during the whole print run, which yields greater deformations under similar nozzle 

forces, limiting the printable slenderness ratio range. As a rough design guideline, assum-

ing a 0.41 mm nozzle and 30 mm/s speed, it may be concluded that a tower-like structure 

should be avoided with silicone rubbers under a diameter of 6 mm or—for greater diam-

eters—above a slenderness ratio (height over diameter) of two. According to the success 

scores in Table 3, it can also be stated that PLA generally outperformed the silicone rub-

bers in terms of printing thin walls and slender columns. 

Looking at the holes and slots of various dimensions printed in the layer plane (Table 

4), it is surprising to see that silicone rubbers slightly outperformed PLA in terms of min-

imal printable hole and slot size. The diameter limits for where holes started closing were 

1.5 and 2 mm for silicones and PLA, respectively, while the limit for slot width was 0.5 

mm for both. The average error values show that a negative offset should be used for such 

features while designing the object, and the offset values were approximately 1 mm for 

holes and 0.2 mm for slots in the case of silicone rubbers, while a higher variability should 

be expected for holes than for slots. This offset seemed independent of the width or diam-

eter as long as the feature was not closed, so considering relative errors instead of absolute 

ones is likely impractical. The difference between hole and slot errors may be related to 

surface tension, as the material in the fluid state may “pull itself together” easier if depos-

ited into a small circle as opposed to a long slot. However, the authors are uncertain of 

this explanation, and this difference would deserve further investigation. 

Both the sagging values of silicone rubber bridge and overhang specimens and their 

standard deviations (Table 5) showed a strong correlation with the respective bridge 

length or overhang angle levels. This is not surprising, as one would intuitively expect 

longer bridges and steeper overhangs to become more deformed [21]. However, the same 

was not true in every case for PLA specimens, and those generally showed lower average 

sagging values but similar standard deviations when compared to silicones. It must be 

noted that printing such objects of thermoplastic materials with a 100% infill percentage 

is not how this technology is used in most cases of prototype manufacturing, especially 

above a certain object volume. Instead, the standard practice is having a few contour lines 

and filling the inside of the object with a much looser infill density (10–40%, for example) 
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[39]. In the case of our objects, this may have resulted in somewhat lower sagging values 

due to the better heat dissipation. Irrespective of this remark, the goal in this study was to 

compare the exact same geometries. Even though this was not optimal for thermoplastic 

filament printing, the PLA outperformed the silicones in terms of unsupported feature 

stability, nevertheless. 

4.2. Effect of Viscosity 

In the silicone datasheets, two kinds of dynamic viscosity are given (Table 1). One is 

measured (by the material supplier) with a viscometer at a 1 Hz excitation frequency, the 

other at 10 Hz. For all three silicone rubbers, the 1 Hz viscosity was much higher than the 

10 Hz viscosity, implying that all three fluids were strongly thixotropic, or shear-thinning. 

This makes them ideal for cold extrusion-based 3D printing, since they flowed relatively 

easily when pushed through the extruder, but they remained stable once deposited, 

within some limits outlined in Section 4.1. above. One would therefore rightfully expect 

that higher viscosities lead to better stability and, thus, more geometric freedom. This hy-

pothesis was confirmed by the correlation coefficients in Table 6. The viscosities at both 

frequencies showed strong (positive or negative) correlations with volume losses during 

extrusion with the stability of shells and columns, with the offsets of holes and slots, with 

the sagging of bridges and overhang and with the variability of outcomes in any of the 

listed cases. 

One must keep in mind that correlation does not equal causation, and that several 

factors could have influenced the results as outlined in the following section. However, 

the fact that so many different markers of material performance are so strongly correlated 

to viscosity let the authors conclude, with a relatively high degree of confidence, that in 

the case of cold extrusion-based silicone rubber 3D printing, both extrusion losses and 

geometric freedom increase with material viscosity. 

4.3. Limitations 

While the printer firmware offers a versatile nonlinear compensation method for pre-

cise extrusion, the material datasheets do not include a tolerance range on density or vis-

cosity values. Since the calibration process relied solely on datasheet density values, this 

may have affected the calibration quality. Moreover, the ±5% relative weight error was a 

relatively coarse range of acceptance for the printed objects. This may have contributed to 

the variabilities seen in Tables 3–5. Possible deviations from the datasheet viscosity values 

and actual change in viscosity due to the fact of temperature fluctuations (20–25 °C) in the 

environment may also have affected the results [40]. In addition, the printing tests were 

only conducted at a single printing speed of 30 mm/s and a single nozzle diameter of 0.41 

mm, as those represent a representative use case of filament printing, which was used as 

a basis of comparison. 

Concerning the used geometries, cylindrical shells are relatively stable structures 

compared to rectangular or triangular shells, for example. The diameter and height are 

expected to influence the wall thickness limit where the structure starts to collapse. Choos-

ing larger dimensions may have resulted in a higher minimum wall thickness. A similar 

statement could be found for every geometry used in this study, but it was necessary to 

make dimensioning choices without a firm standard or guideline available. Dimensions 

and levels were chosen such that they entailed practically feasible printing times and ma-

terial consumption, covered the expected performance range of the used printing princi-

ples and allowed measurements with simple profilometers. Similar tests with more speed 

levels and nozzle diameters and even materials may be conducted to deepen the 

knowledge about this technology. The same testing protocol may also be used with dif-

ferent extrusion-based printer systems, since a comparison of the results would likely re-

veal useful design ideas concerning the entire mechanical structure of a printer. 
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4.4. Summary of Identified Guidelines 

Concerning this type of silicone printing with a 0.41 mm nozzle and 30 mm/s printing 

speed, the most important calibration and design guidelines and material selection rec-

ommendations collected through this study are summarized below. 

 Avoid thin walls with a thickness below 1 mm; 

 Avoid column-like structures of a diameter below 6 mm or a slenderness ratio (height 

over diameter) above two; 

 In the layer plane, increase slot widths by 0.2 mm and hole diameters by 1 mm com-

pared to the nominal size; 

 Use support structures in the case of a bridge length over 2 mm or overhang angle 

over 30°; 

 Higher material viscosity will likely increase overall geometric accuracy and stability, 

but also the extrusion losses, so more significant compensation is needed; 

 Lower speed will reduce extrusion losses, requiring less compensation; 

 Smaller nozzle diameters will increase the level of detail but also the extrusion losses, 

so more significant compensation or lower speed is needed. 

4.5. Conclusions 

In this study, a calibration process of a fluid printhead for extrusion-based silicone 

rubber 3D printing was developed, and a set of accuracy test geometries was realized with 

a custom-made printing system. The results revealed that traditional thermoplastic fila-

ment printing slightly outperforms silicone printing in geometric accuracy and feature 

stability, even though reaching a comparable performance with soft materials, such as 

silicones, is still impressive. It was found that silicone viscosity influences both compen-

sation requirements during calibration and geometric accuracy and stability during print-

ing. A set of design recommendations were identified based on these results. 

The implications of the uncovered dependencies on material viscosity may aid ma-

terial suppliers in their product development. Relying on open-source, self-built machines 

for fluid printing research is encouraged by the authors, since such systems allow a great 

freedom of customization without warranty breach, and they may be set-up for a lower 

total cost than the currently available commercial silicone printers. Both the calibration 

and the geometric testing protocol presented in this study may save other workgroups 

some precious time and effort when building or calibrating their own machines or opti-

mizing printing parameters. 
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