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Abstract 

This work investigates the viability of casein protein for manufacturing engineering 

structures. Polyamide 12 (PA12) was used as a matrix for different compositions of casein up to 

20 wt%. Test samples were fabricated for neat PA12 and the composites using selective laser 

sintering for mechanical properties comparisons. The results show significant increases of the 

tensile strengths up to 71% for the composite materials over the neat PA12. Stiffnesses also 

increased up to 157%. The composite samples were embrittled in comparison with the neat PA12 

samples, however, with the addition of a plasticizer, significant improvement in ductility was 

obtained from near 2% to over 6% percent elongation with marginal loss in strength. The 

investigation shows the dependencies of mechanical properties of the composites on the type of 

filler casein and treatments. 

 

Introduction 

Polymers have increasingly been relied upon for manufacturing engineering products. 

This is because of several factors, among which are cost and weight reduction in comparison to 

metals. Today, most of the polymers used for engineering grade applications are derived from 

petroleum-based materials. However, environmental concerns, impacts on human health, and 

marine ecosystems are some of the driving forces behind recent advances aimed at developing 

environmentally friendly and competitive alternatives from renewable resources [1-4]. Additive 

manufacturing (AM) technologies offers the most viable platforms for economical processing 

and rapid turn arounds of novel material developments. Some naturally occurring biopolymers 

have been formulated into composites and evaluated for mechanical, thermal, and some other 

properties of interest using AM. Two material matrices – petroleum-based and biopolymer-based 

- have been generally adopted. Composites based on petroleum-derived matrices are sometimes 

developed for the purposed of property modification of the matrix materials, effecting partial 

biodegradability, and in some cases investigating new applications for the filler biomaterials. 

This include the use of lignin, a biopolymer derived from plants and trees for developing 

polymer composites using various petroleum-derived materials as matrices including 

polyurethane, polypropylene, polystyrene, poly(methyl methacrylate) [5-8]. Composites based 

on biopolymer matrices are mostly aimed at finding biobased renewable alternatives with low 

carbon footprint and the potential to substitute petroleum derived materials. Recent work on this 
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includes the development of biocomposites using lignin, cellulose, or hemicellulose as filler 

materials in PLA matrix [9-15]. 

While most of the recent work involve lignocellulosic materials from plants, proteins 

sourced from both plants and animals have historically been used for plastic manufacturing. The 

common proteins used include casein, zein, soy, feather meal, fish proteins, horn meal, leather 

scraps as well as waste protein from cotton and linseed [16].  In the present work, a pioneering 

effort is being made at investigating the use of dairy protein for engineering polymer 

development through 3D printing.  Dairy milk contains proteins, about 80% of which is casein in 

cow milk, and the balance, whey [17]. These proteins are vital sources of nutrition and are 

consumed by humans and as animal feeds; and are also used for medical applications. Casein is a 

hetero-polymer consisting of multiple amino acids and other functional groups that are capable 

of establishing chemical bonds with other materials [16] under the right processing conditions. 

As natural biopolymers, they have the potential for useful engineering products. However, rather 

than compete with casein that are used for food and medical applications, the primary aim is to 

valorize protein from dairy waste waters and from discarded milk that are dumped into the 

environments mostly due to supply chain problems [18]. Ability to convert these waste resources 

would ease economic waste to farmers and the various dairy companies and provide a path to 

finding alternative polymers that could reduce dependencies on petroleum-derived materials, and 

promote circular bioeconomy. 

The use of AM for casein material processing have been primarily for food and medical 

applications [19-21]. In this work, the printability and performance of casein filled PA12 

composites are explored. The aim is to develop composites that can provide avenue for 

valorizing casein derived from dairy wastes. Different composites of casein and PA12 blends 

were prepared up to 20 wt% casein and used to print test samples using selective laser sintering 

(SLS) process. The mechanical properties of fabricated samples were evaluated.  

 

Experimental Procedures 

The PA12 powder used in this work was obtained from Sinterit sp. z o.o., Poland, the 

manufacturer of the Lisa Pro SLS machine used for all sample fabrications. The filler casein 

powder was sourced from Fischer Scientific, USA and used for all composite materials 

fabrication. The SLS machine is a lab scale machine equipped with 5 watts infrared diode laser 

and 808 nm wavelength. All sample fabrications were made using 125 um layer height. The print 

surface temperature was offset on the SLS machine by -1oC, relative to the standard setting for 

the PA12 supplied by the original equipment manufacturer. The PA12 powder consist of almost 

round particles with size range: 40 μm to 80 μm (US mesh size +400/-170). Also, the casein 

powder was made of irregular, spongy shape and was received with particle size range: 90 μm to 

500 μm (US mesh size +170/-35). Initial samples were fabricated using the casein powder as 

received, subsequently referred to as “coarse casein”. To assess the dependencies of mechanical 

properties of fabricated samples on powder particle sizes, subsequent samples were made using 

finer particle sizes in the range: 90 μm to 250 μm (US mesh size +170/-60). These are 

subsequently referred to as “fine casein”. Figure 1 shows micrographs of PA12 and casein 
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powder particles obtained using scanning electron microscope (SEM). The casein powders were 

dried in vacuum oven at 60 oC temperature for 24 hours before use. To investigate the potential 

effects of incorporating plasticizers on the mechanical properties of test samples, polyethylene 

oxide (PEO) was added as a plasticizer in some samples. All powder materials were 

mechanically mixed to achieve homogeneous distribution before they were used for sample 

fabrications. 

Figure 1: SEM micrographs of (a) PA12, (b) coarse casein, and (c) fine casein particles  

Different batches of experimental samples were printed in different orientations, and all 

sample treatments were printed with five replicates. The samples were in the vertical, horizontal, 

and at 45o slanting orientations as illustrated in Fig. 2. The different batches include those made  

Figure 2 showing the orientation of each batch of test samples fabricated 

of neat PA12 that serve as control. The composites were made of 10, 15, and 20 wt% casein 

compositions. Initial composite samples were fabricated using coarse casein particles at 10 wt% 

and 20 wt% casein as a screening step. Upon evaluation of the mechanical properties and SEM 

micrographs of fractured test samples, additional composite samples with the fine casein 

particles were fabricated. From previous works published in the literature, finer particles result in 

better powder packing density prior to sintering on the SLS AM machine bed leading to better 

density and strengths of the fabricated parts [22]. Test samples made of composites containing 

10 wt% and 15 wt% fine casein were fabricated to evaluate their properties in comparison with 

those made of coarse casein. Furthermore, to study the effect of plasticizers on fabricated 

composite test samples made of fine casein, 4 wt% PEO were added as a plasticizer to another 

(a) (b) (c) 
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set of samples with 10 wt% and 15 wt% casein. In this paper, the samples are named and 

differentiated based on the weight fraction of the casein, the fineness or coarseness of the casein 

particles, and the orientation of the test samples during print. As an example, a sample with 

10wt% coarse casein in the vertical orientation is named: PA-10CT-V; and a sample with 10 wt% 

fine casein in the vertical orientation is named: PA-10CT-VF. Also, a sample with 10 wt% fine 

casein and 4 wt% PEO plasticizer in the vertical orientation is named: PA-10CT-4P-VF. All 

samples were sandblasted after removal from the SLS machine to remove all loose, unbound 

particles and kept in a desiccator until tested. A 50 kN MTS tensile testing machine was used for 

testing tensile specimens using parameters that conform to ASTM D638 standards. 

 

Results and Discussions 

The print qualities of the test samples had surface finish that are typical of parts printed 

using SLS process, although the composite test samples had rougher surfaces compared to those 

printed with neat PA12 because of the larger casein particles. Figure 3 shows an image for 

samples fabricated using neat PA12. 

 

 

Figure3: Tensile test samples made of neat PA12 

Tensile testing results are shown in Fig. 4 to Fig. 6. Figure 4 shows that test samples 

made of the neat PA12 had 33.48 MPa tensile strength. Composite samples made of 10 wt% 

coarse casein yielded an average of 40.565 MPa for those with slanting orientation, 39.42 for 

vertical samples, and 39.92 MPa for horizontal samples. There is no significant difference 

between the samples based on orientation, but the strengths are significantly higher than the neat 
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PA12 materials. As shown in Fig. 5, there is significant increase of 71% in stiffness over the neat 

PA12 samples. However, the composite samples were significantly embrittled with a much lower 

percent elongation at a little over 2 % compared to the neat PA12, as shown in Fig. 6. Samples 

made of 20 wt% coarse casein did not have any significant difference in strength when compared 

with those with 10 wt% coarse casein, both the stiffness and percent elongation are in the same 

range as the samples made of 10 wt% coarse casein. With fine casein, significantly higher 

strength values were obtained for all sample orientations than for all the samples made of coarse 

casein. Samples in slanting orientation have the highest average strength of 57.3 MPa, there was, 

however, no significant difference between the stiffness of the 10 wt% fine casein samples in 

comparison with the samples based on coarse casein. 10 wt% fine casein samples with plasticizer 

yielded comparable strength values when compared to those with basic 10 wt% fine casein. The 

plasticizer addition resulted in significant increase in percent elongation as shown in Fig. 6. This 

was a desirable effect for load bearing applications, to avoid unpredictable failure due to 

embrittlement.  

The samples with 15 wt% fine casein and with plasticizer applied, recorded marginal 

decrease in strengths in comparison to those with 10 wt% fine casein. Horizontal samples 

recorded the lowest average strength for all composites made of fine casein. The relaxation of the 

bonding strengths of the constituent materials also led to much lower stiffness for samples made 

of 15 wt% fine casein with plasticizer in comparison to all the samples made with other 

composite material formulations. In the same manner as the tensile strengths, the percent 

elongation reduced marginally. 

 

 

Figure 4: Tensile strengths comparison for samples fabricated using the control, neat PA12 and 

the composite materials  
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Figure 5: Stiffness comparison for samples fabricated using the control, neat PA12 and the 

composite materials  
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Figure 6: Percent elongation comparison for samples fabricated using the control, neat PA12 and 

the composite materials  

 

SEM Microscopy 

Figure 7 shows the SEM micrographs of the fractured surfaces of tensile test samples. 

The micrographs show evidence of agglomeration of casein in the PA12 matrix. The sizes of the 

agglomerates are much bigger in the composite samples made of 10 wt% and 20 wt% coarse 

casein. These coarse casein-based composites also have porosities that are evidence of low 

powder bed densities due to larger casein particles that could result in brittle chacteristics.  In 

comparison to the neat PA12 samples, most of the samples based on composite materials exhibit 

features of brittle fracture surface morphologies.  

 

Figure 7: SEM micrographs of fractured sample surfaces. 

 

Conclusions 

This work has demonstrated the viability and potentials of casein, a dairy protein and 

biopolymer for load bearing engineering applications. Both the tensile strengths and stiffnesses 

of composite materials made using casein as a filler in PA12 were higher than the neat PA12 at 

the compositions tested. The increases in tensile strengths over the neat PA12 is dependent on 

the particle sizes of the filler casein. Finer particle sizes yielded much higher strengths, as the 

powder packing density increases on the print bed before sintering. The study also shows that the 

addition of casein leads to embrittlement of the composites. The embrittlement is mitigated by 
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the addition of PEO as a plasticizing agent. Composites with PEO demonstrated a significant 

increase in percent elongation over those without significant change in tensile strengths.  

 

Acknowledgments  

This research was supported by Dairy Industry – Impact and Innovation - Faculty 

Fellowships through Dairy Innovation Hub (DIH). The views expressed herein are those of the 

authors and are not necessarily those of DIH.  

 

 

References 

[1] [1] Haward, M., 2018. Plastic pollution of the world’s seas and oceans as a contemporary 

challenge in ocean governance. Nature communications, 9(1), 667. 

[2] Song, J. H., R. J. Murphy, R. Narayan, and G. B. H. Davies. "Biodegradable and 

compostable alternatives to conventional plastics." Philosophical transactions of the 

royal society B: Biological sciences 364, no. 1526 (2009): 2127-2139. 

[3] Lithner, Delilah, Åke Larsson, and Göran Dave. "Environmental and health hazard 

ranking and assessment of plastic polymers based on chemical composition." Science of 

the total environment 409, no. 18 (2011): 3309-3324. 

[4] North, Emily J., and Rolf U. Halden. "Plastics and environmental health: the road ahead." 

Reviews on environmental health 28, no. 1 (2013): 1-8. 

[5] Toriz, G., Denes, F. and Young, R.A., 2002, “Lignin‐polypropylene composites. Part 1: 

Composites from unmodified lignin and polypropylene,” Polymer Composites, 23(5), 

pp.806-813.  

[6] Zhang, C., Wu, H. and Kessler, M.R., 2015, “High bio-content polyurethane composites 

with urethane modified lignin as filler,” Polymer, 69, pp.52-57. 

[7] Feng, X., Yang, Z., Chmely, S., Wang, Q., Wang, S. and Xie, Y., 2017, “Lignin-coated 

cellulose nanocrystal filled methacrylate composites prepared via 3D stereolithography 

printing: Mechanical reinforcement and thermal stabilization,” Carbohydrate polymers, 

169, pp.272-281. 

[8] Nguyen, N.A., Barnes, S.H., Bowland, C.C., Meek, K.M., Littrell, K.C., Keum, J.K. and 

Naskar, A.K., 2018, “A path for lignin valorization via additive manufacturing of high-

performance sustainable composites with enhanced 3D printability,” Science advances, 

4(12), p.eaat4967. 

[9] Gkartzou, E., Koumoulos, E.P. and Charitidis, C.A., 2017, “Production and 3D printing 

processing of bio-based thermoplastic filament,” Manufacturing Review, 4, p.1. 

275



[10] Mimini, V., Sykacek, E., Syed Hashim, S. N. A., Holzweber, J., Hettegger, H., Fackler, 

K., ... & Rosenau, T., 2019, “Compatibility of Kraft Lignin, Organosolv Lignin and 

Lignosulfonate with PLA in 3D Printing,” Journal of wood chemistry and technology, 

39(1), 14-30. 

[11] Obielodan, John, Maia Delwiche, Dan Clark, Cassie Downing, Delanie Huntoon, and 

Tsunghsueh Wu. "Comparing the Mechanical and Thermal Properties of 

PLA/Organosolv Lignin Biocomposites Made of Different Biomass for 3D Printing 

Applications." Journal of Engineering Materials and Technology (2021): 1-36. 

[12] Obielodan, John, Kevin Vergenz, Danyal Aqil, Joseph Wu, and Laurel Mc Ellistrem. 

"Characterization of PLA/lignin biocomposites for 3D printing." In 2019 International 

Solid Freeform Fabrication Symposium. University of Texas at Austin, 2019. 

[13] Wang, Qianqian, Jianzhong Sun, Qian Yao, Chencheng Ji, Jun Liu, and Qianqian Zhu. 

"3D printing with cellulose materials." Cellulose 25, no. 8 (2018): 4275-4301. 

[14] Yang, Jian, Xingye An, Liqin Liu, Shiyu Tang, Haibing Cao, Qingliang Xu, and Hongbin 

Liu. "Cellulose, hemicellulose, lignin, and their derivatives as multi-components of bio-

based feedstocks for 3D printing." Carbohydrate polymers 250 (2020): 116881. 

[15] Bahcegul, E. Gokce, Erinc Bahcegul, and Necati Ozkan. "3D printing of crude 

lignocellulosic biomass extracts containing hemicellulose and lignin." Industrial Crops 

and Products 186 (2022): 115234. 

[16] Verbeek, Casparus JR, and Lisa E. Berg. "Recent developments in thermo-mechanical 

processing of proteinous bioplastics." Recent Patents on Materials Science 2, no. 3 

(2009): 171-189. 

[17] Liu, Jue, Marianne Klebach, Monique Visser, and Zandrie Hofman. "Amino acid 

availability of a dairy and vegetable protein blend compared to single casein, whey, soy, 

and pea proteins: A double-blind, cross-over trial." Nutrients 11, no. 11 (2019): 2613. 

[18] Ryder, Kate, M. Azam Ali, Alan Carne, and Jaganmohan Billakanti. "The potential use of 

dairy by-products for the production of nonfood biomaterials." Critical Reviews in 

Environmental Science and Technology 47, no. 8 (2017): 621-642. 

[19] Shahbazi, Mahdiyar, Henry Jäger, and Rammile Ettelaie. "Application of Pickering 

emulsions in 3D printing of personalized nutrition. Part I: Development of reduced-fat 

printable casein-based ink." Colloids and Surfaces A: Physicochemical and Engineering 

Aspects 622 (2021): 126641. 

[20] Daffner, Kilian, Saumil Vadodaria, Lydia Ong, Stefan Nöbel, Sally Gras, Ian Norton, and 

Tom Mills. "Design and characterization of casein–whey protein suspensions via the pH–

temperature-route for application in extrusion-based 3D-Printing." Food Hydrocolloids 

112 (2021): 105850. 

276



[21] Daffner, Kilian, Lydia Ong, Eric Hanssen, Sally Gras, and Tom Mills. "Characterising 

the influence of milk fat towards an application for extrusion-based 3D-printing of 

casein− whey protein suspensions via the pH− temperature-route." Food Hydrocolloids 

118 (2021): 106642. 

[22] Gibson, Ian, David W. Rosen, Brent Stucker, Mahyar Khorasani, David Rosen, Brent 

Stucker, and Mahyar Khorasani. Additive manufacturing technologies. Vol. 17. Cham, 

Switzerland: Springer, 2021. 

 

 

 

 

 

277




