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Abstract 

3D printing is a novel manufacturing technology which was recently employed to produce innovative pharmaceutical drug 

products. One of the important characteristics of printed solid dosage forms is the microstructure as it directly impacts the drug 

release performance of the medication. Therefore, a thorough understanding of the relationship between the microstructure and 

process parameters has to be developed and key characteristics (e.g., porosity) have to be assessed in a non-destructive manner. 

This study demonstrates how X-ray computed microtomography (XµCT) can be used to gain insight how changes in process 

settings of the 3D printer affect the pore structure of the dosage form. The same sampels were subsequently investaged by 

terahertz time-domain spectropscopy, a technique that can be used to quantify the prints’ effective refractive index and 

absorption coefficient in a contactless, non-destructive and fast fashion. Both techniques reveal a strong impact of the printer 

settings on the dosage forms’ microstructure.  

Keywords: X-ray computed microtomography, 3D printing, pharmaceutical solid dosage form, terahertz time-domain 
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1  Introduction 

Typical pharmaceutical tablets are complex powder compacts which can be designed to release a drug immediately after oral 

administration or to systematically modify the release kinetics in order to improve therapeutic efficacy, reduce toxicity, and 

improve patient compliance and convenience. The complex structure of a pharmaceutical tablet makes the rational design of 

specific drug release profiles very difficult. However, innovative manufacturing principles are rapidly maturing into a 

commercially feasible platform for drug production, which enable a rational design of specific drug release profiles. One of the 

most promising technologies is additive manufacturing (i.e., 3D printing), which makes it possible to achieve tailor-made drug 

release behaviour from a range of designs including multilayer devices [1-3] or compartmental devices [4-6] comprising a 

different active pharmaceutical ingredient (API) in each layer or compartment. However, there is a lack of understanding of the 

impact of the structural accuracy and integrity of printed structures for different materials in the pharmaceutical context as well 

as of material property variations and changes of the process configuration on the drug release kinetics. In particular, the pore 

structure of pharmaceutical dosage forms produced by additive manufacturing plays a crucial role in the performance of the 

drug. Pores can be formed from interparticle voids, which is especially relevant for a material printed from parallel and 

overlaying strands. The resulting pores have different shapes ranging from spherical to cylindrical and slits. The pore shape 

and their orientation may cause anisotropic effects of the mechanical behavior of the dosage form [7] which further impacts its 

disintegration and dissolution performance. Therefore, characterising the pore structure is of great interest to gain a better 

understanding of the performance of printed solid dosage forms.  

X-ray computed microtomography (XµCT) is highly suitable to analyse the microstructure of such 3D printed dosage 

forms [8]. Due to their high energy, X-rays have the advantage of being able to easily penetrate all pharmaceutically relevant 

excipients while undergoing negligible diffraction. XµCT provides very detailed information about the pore structure, but it is 

less suited for quality control of every single dosage form during production due to its long acquisition and reconstruction 

time.  

An alternative tomographic method is terahertz technology which allows for non-destructive characterisation of the 

microstructure of pharmaceutical products within milliseconds [9]. Using terahertz spectropscopy it is possible to measure the 

effective refractive index of a compact, which is related to the density and porosity of the sample [9]. Terahertz time-domain 

spectroscopy (THz-TDS) was recently applied to determine the porosity of tablets containing pure microcrystalline cellulose 

(MCC) [10] as well as a mixture of MCC and an API [11].  

This work demonstrates the microstructural characterisation of 3D printed solid dosage forms using XµCT and THz-TDS. A 

fused deposition modelling (FDM) based printer was used to realise simple discs, which were then used to evaluate the impact 

of process settings on the pore structure of the prints. These discs were futher characterized by THz-TDS enabling the 

measurement of the effective refractive index and effective absorpotion coefficient.  
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2  Materials and Methods 

Simple discs (Figure 1a) were designed in Comsol Multiphysics (Comsol, Stockholm, Sweden, v5.1) and printed with a 

Makerbot Replicator 2 desktop 3D printer (New York, NY, US). Polylactic acid (PLA) and polyvinyl alcohol (PVA) were 

used as filament materials and the design of the disks had a diameter, �, and a height, �, of 10 mm and 1.5 mm, respctively. 

The different structures were examined using a SkyScan 1172 high-resolution XµCT scanner (Bruker, Antwerp, Belgium). 

The changes in the pore strucutre were quantified for subvolumes (see Figure 1b) of the PLA and PVA discs by modifying the 

print temperature, the print resolution and the print setting of the filament diameter (see Table 1). The extraction of a 

subvolume with a size of 3.16 x 3.16 x 0.89 mm
3
 (1064 x 1064 x 301 px) from the center of the print was performed to avoid 

artefacts in the data analysis from the rough surface and to reduce the data size for the processing. The analysis of the XµCT 

data was conducted using Avizo Fire (FEI Company, Hillsboro, Oregon, USA, v8.1). 

Terahertz measurements were performed in a transmission setting using a TeraPulse 4000 (TeraView Ltd, Cambridge, UK) 

device. The measurements were performed at an instrument resolution of 0.01 ps over a total range of 200 ps for each time-

domain waveform. Each sample was polished before the measurement to reduce scattering effects caused by the rough sample 

surface. The terahertz waveforms were acquired at the centre of each sample in z-direction (see Figure 1) and the transmission 

module was purged throughout every measurement with dry nitrogen gas. Each measurement was co-averaged by 60 

waveforms to reduce the noise variance and each co-averaged measurement took a total of 2 min.  

The direct measurement of the electric field from the transmitted terahertz pulse enables the extraction of both the frequency-

dependent absorption coefficient, �eff, as well as the effective refractive index, �eff, of the 3D printed structures. The spectra 

were calculated by applying a discrete Fourier transform on the time-domain waveforms (reference and sample), which are 

further used to determine the complex �eff and �eff. A reference waveform corresponds to the measurement when no sample 

was present in the measurement chamber. Zeitler [9] presented more details about the extraction of optical constants from THz 

measurements. 

 

 

 

Figure 1: Schematic of the 3D printed disks. A model of the printed disk is depicted in (a), which also highlights the volume investigated by 

XµCT as shown in (b) and (c). The individual printed strands (grey) and pores (green) are visible in (c). The pores are described by its 3 

eigenvectors (only 2 are visualised) and eigenvalues. The eigenvectors are mutually orthogonal to each other and ordered according to their 

respective eigenvalue. The orientation of the pores was analysed by calculating the polar angle, �, between the eigenvector and the reference 

coordinate system. The minimum and maximum eigenvalue (i.e., eigenvalue 3 and 1) were used to calculate the anisotropy of each pore. 
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PVA  

Code 

PLA 

Code 

Filament 

diameter 

(mm) 

Nozzle 

temperature 

 (°C) 

Print 

resolution  

(mm) 

PVA-B01 PLA-B01 1.97 220 0.1 

PVA-B02 PLA-B02 1.97 220 0.3 

PVA-B03 PLA-B03 1.97 230 0.1 

PVA-B04 PLA-B04 1.77 220 0.3 

PVA-B05 

 

PLA-B05 1.77 220 0.1 

PVA-B06 PLA-B06 1.97 230 0.3 

Table 1: Experimental design of printed PVA and PLA discs. All three parameters are settings in the printer configuration. In particular, the 

actual filament diameter was kept constant throughout all experiments and this parameter in the table refers only to a change in the printer 

configuration. 

2  Results 

XµCT was utilised to analyse the microstructure of the prints in terms of equivalent diameter, pore length, pore volume 

anisotropy and porosity as presented in Table 2. The results reveal that even slight variations of the process settings had a 

strong impact on the different pore properties of the PVA prints while only minor effects were oberserved for the PLA 

samples. In general, the samples are printed layer-by-layer from bottom to top and each layer is made up of individual strands. 

These single layers are particularly visible in PLA-B01, PVA-B01 and PVA-B02 in the yz-subfigures, where the distance in 

the z-axis between each pore cluster is appximately 0.1 mm. This distance is due to the print resolution of 0.1 mm of these 

samples. Furthermore, the printing direction in the xy-plane is alternated by 90° for every layer causing the grid pattern that 

can be observed in the xy-subfigures. The pores are located between the layers and between the strands as shown in the 

schematic in Figure 1c. A print resolution of 0.1 mm thus causes a regular pattern of the pore structure which reflects the actual 

path of the printing nozzle to build the 3D object.  

The glass transition and melting point are �) 	= 	56° C and �. 	= 151° C for PLA [12] and �) 	= 	135° C and �. = 175 −

200° C for PVA [13]. Therefore, the glass transition and melting point are below the nozzle temperature for both materials. In 

general, one would expect that a higher print temperature gives a better fusion of the individual strands and thus a lower 

porosity of the discs. This is in good agreement with the results from the batches B03 where a nozzle temperature of 230° C 

causes the lowest porosity for both materials. However, batch B06 was also printed with a nozzle temperature of 230° C and 

yielded a very high porosity compared to the other batches. The only difference to batch B03 was the print resolution of 

0.3 mm instead of 0.1 mm. Moreover, the dependence of the porosity on the set filament diameter is indicated by the results of 

batch PVA-B04. Even though this sample was printed with the lower nozzle temperature and the higher print resolution, it 

results in a very low porosity. We therefore observe a strong dependence between the three parameters and the used filament 

material, which does not only affect the porosity but also the other pore properties as listed in Table 2.  

 Equivalent 
diameter 

Average 
length 

Average 
volume 

Average 
Anisotropy 

Porosity 

 (µm) (µm) (10
6
 mm

3
) (-) (%) 

PVA-B01 9.1 ± 7.4 22.9 ± 46.6 2.1 ± 22.9 0.92 ± 0.13 0.45 

PVA-B02 10.9 ± 13.4 23.1 ± 45.5 12.7 ± 230.6 0.89 ± 0.14 5.64 

PVA-B03 12.9 ± 10.3 39.4 ± 68.5 5.0 ± 28.1 0.91 ± 0.11 0.30 

PVA-B04 7.4 ± 5.4 15.7 ± 31.3 1.1 ± 14.0 0.91 ± 0.14 0.41 

PVA-B05 14.8 ± 16.5 35.2 ± 59.5 21.8 ± 645.3 0.89 ± 0.12 4.55 

PVA-B06 10.6 ± 12.0 22.6 ± 43.7 8.4 ± 114.0 0.89 ± 0.14 4.83 

PLA-B01 7.9 ± 5.4 17.6 ± 32.4 1.1 ± 7.7 0.90 ± 0.14 0.23 

PLA-B02 7.1 ± 6.2 14.4 ± 34.7 1.6 ± 25.0 0.94 ± 0.12 0.23 

PLA-B03 6.9 ± 3.0 12.9 ± 11.4 0.4 ± 2.2 0.91 ± 0.13 0.04 

PLA-B04 6.8 ± 5.4 13.2 ± 28.9 1.2 ± 18.1 0.93 ± 0.12 0.22 

PLA-B05 7.8 ± 5.0 16.9 ± 31.1 0.9 ± 7.5 0.90 ± 0.10 0.27 

PLA-B06 7.7 ± 6.2 15.8 ± 35.0 1.9 ± 42.6 0.90 ± 0.14 0.33 

Table 2: Pore properties extracted from XµCT measurements of all samples. The anisotropy is calculated by 1	–	�min/�max	with �min and 

�max as the minimum and maximum eigenvalue, respectively. The corresponding eigenvectors are shown in the schematic in Figure 1c. 
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Figure 2: Distribution of pores in a subvolume of the PLA (first row) and PVA (second row) disks. Each column corresponds to the same 

process setting. The color and the size of each data point is related to the pore volume using a logarithmic scale. The subfigures of each 

sample represent the location and size of all pores for the respective axes. 

 

Even though only minor differences are visible in the pore properties of the PLA prints, there are considerable variations in 

terms of pore locations and orientations as shown in Figure 2 and 3. The orientation of the pores was analysed on the basis of 

the polar angle, �, calculated from eigenvector 1 of each pore (see Figure 1c). The pattern of the pore structure causes a 

preferred orientation of the pores which is visible for the PVA-B01, PLA-B01 as well as PLA-B02 in Figure 3. The mode at 

90° indicates a preffered orientation of the pores parallel to the individual printed strands (i.e., main axis of the pore is in the 

xy-plane). Such an anisotropic behaviour will influence the performance of the the drug and it emphasises the necessicity to 

consider the actual printer path during the design of the dosage form. The pore structure thus depends on the generation of the 

the actual path of the printing nozzle (e.g., G-code for the MakerBot) from the designed CAD model by the printer software.  

 

 

Figure 3: Analysis of preferred orientation of pores for (a) PVA and (b) PLA disks. � is the polar angle of eigenvector 1 of each pore as 

shown in Figure 1. Only pores consisting of a minimum of 6 voxels were considered for this analysis in order to extract representative 
eigenvectors.  
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Figure 4: Optical constanst of the PLA sampels. (a) Effective absorption coefficient ,�eff, and (b) the effective refractive index, �eff , were 

calculated from the terahertz measurements.  

 

Figure 5: Optical constanst of the PVA sampels. (a) Effective absorption coefficient ,�eff, and (b) the effective refractive index, �eff , were 

calculated from the terahertz measurements. 

Figure 4 and 5 illustrate the effective absorption coefficient, �eff, and the effective refractive index, �eff, of the different PLA 

and PVA samples, respectively. In general, variations in �eff of different prints of the same material are soly related to changes 

in its porosity [9] and density [14]. We also observe scattering effects due to pore lengths in the range of the terahertz 

wavelength (100 µm – 3 mm), which is distinctly visible for PLA-B02 in Figure 4a by the feature at 1.33 THz.  

The diffeence in terms of �eff and �eff between the samples of the same material clearly indicate strong microstructural 

variations, which will impact the drug release behaviour of a dosage form. This is particularly important when using 

compartmental dosage form where the drug release is a complex process which highly depends on the microstructural 

properties of the printed shell.  

 

3  Conclusion 

XµCT is highly suitable to characterise the pore architecture of the 3D prints. The results highlight that slight changes in the 

process setting strongly impact the pore structure of the 3D print. This understanding is essential in order to design 

microstructures which realise specific drug release profiles. Furthermore, the ease, speed and limited health care concern of 

terahertz technology renders it a feasible platform technology for invoking quality control of 3D printed medicines. However, 

more research is necessary to calculate porosity from the presented terahertz measurements and to relate it to the disintegration 

and dissolution performance of the dosage form.  

Acknowledgements 

The Danish Council for Independent Research (DFF), Technology and Production Sciences (FTP), Project 12-126515/0602-

02670B (2013-2017). D.M. and J.A.Z. would like to acknowledge the Engineering and Physical Sciences Research Council 

(EP/L019922/1). 

 



7th Conference on Industrial Computed Tomography, Leuven, Belgium (iCT 2017) 

www.iCT2017.org 

References 

[1] R.C. Rowe, W.E. Katstra, R.D. Palazzolo, B. Giritlioglu, P. Teung, M.J. Cima, Multimechanism oral dosage forms 

fabricated by three dimensional printing, Journal of Controlled Release, 66, 11–17, 2000. 

[2] W.E. Katstra, R.D. Palazzolo, R.C. Rowe, B. Giritlioglu, P. Teung, M.J. Cima, Oral dosage forms fabricated by 

Three Dimensional Printing, 66, 1–9, 2000. 

[3] A. Goyanes, J. Wang, A. Buanz, R. Martínez-Pacheco, R. Telford, S. Gaisford, et al., 3D Printing of Medicines: 

Engineering Novel Oral Devices with Unique Design and Drug Release Characteristics, Mol. Pharmaceutics. 12 

4077–4084, 2015. 

[4] S.A. Khaled, J.C. Burley, M.R. Alexander, C.J. Roberts, Desktop 3D printing of controlled release pharmaceutical 

bilayer tablets, International Journal of Pharmaceutics. 461, 105–111, 2014. 

[5] S.A. Khaled, J.C. Burley, M.R. Alexander, J. Yang, C.J. Roberts, 3D printing of tablets containing multiple drugs 

with defined release profiles, International Journal of Pharmaceutics. 494, 643–650, 2015. 

[6] S.A. Khaled, J.C. Burley, M.R. Alexander, J. Yang, C.J. Roberts, 3D printing of five-in-one dose combination 

polypill with defined immediate and sustained release profiles, Journal of Controlled Release, 217, 308–314, 2015. 

[7] M.P. Mullarney, B.C. Hancock, Mechanical property anisotropy of pharmaceutical excipient compacts, International 

Journal of Pharmaceutics, 314, 9–14, 2006. 

[8] S.R. Stock, X-ray microtomography of materials, International Materials Reviews, 44, 141–164, 2013. 

[9] J.A. Zeitler, Pharmaceutical Terahertz Spectroscopy and Imaging, in: A. Müllertz, Y. Perrie, T. Rades (Eds.), 

Analytical Techniques in the Pharmaceutical Sciences, Springer New York, New York, NY, 2016: pp. 171–222. 

[10] P. Bawuah, A.P. Mendia, P. Silfsten, P. Pääkkönen, T. Ervasti, J. Ketolainen, et al., Detection of porosity of 

pharmaceutical compacts by terahertz radiation transmission and light reflection measurement techniques, 

International Journal of Pharmaceutics, 465, 70–76, 2014. 

[11] P. Bawuah, N. Tan, S.N.A. Tweneboah, T. Ervasti, J.A. Zeitler, J. Ketolainen, et al., Terahertz study on porosity and 

mass fraction of active pharmaceutical ingredient of pharmaceutical tablets, European Journal of Pharmaceutics and 

Biopharmaceutics, 105, 122–133, 2016. 

[12] J. Boetker, J.J. Water, J. Aho, L. Arnfast, A. Bohr, J. Rantanen, Modifying release characteristics from 3D printed 

drug-eluting products, Eurpoean Journal of Pharmaceutical Sciences, 90, 1–6, 2016. 

[13] A. Goyanes, P.R. Martinez, A. Buanz, A.W. Basit, S. Gaisford, Effect of geometry on drug release from 3D printed 

tablets, International Journal of Pharmaceutics, 494, 657–663, 2015. 

[14] R.K. May, K. Su, L. Han, S. Zhong, J.A. Elliott, L.F. Gladden, et al., Hardness and Density Distributions of 

Pharmaceutical Tablets Measured by Terahertz Pulsed Imaging, Journal of Pharmaceutical Sciences, 102, 2179–

2013. 

 


