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Chapter 6 
 

Valorization; translation of the know-how 
for the development of products for 
manufacturing and biomedical industry  
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6.1 TECHNOLOGICAL IMPACT IN THE MANUFACTURING INDUSTRY  
 
In this thesis, the problem of inferior inter-layer weld mechanics observed in additively 

manufactured thermoplastic parts, specifically realized by FDM, is addressed. In Chapter 2, the 

importance of misaligned timescales of intermolecular diffusion and crystallization is 

highlighted by systematic variations in molecular parameters using poly(lactides). The 

subsequent chapters demonstrate the enhancement of inter-layer weld stiffness by controlling 

molecular diffusion and /or crystallization. In Chapter 3, the addition of chemically identical 

low molar mass fractions and nucleating poly(lactide) stereocomplex crystals provide melt 

plasticization and increased crystallization rate, leading to an increase in weld stiffness and 

geometrical stability. A more effective route to simultaneously increase weld stiffness and 

enhance geometrical stability is provided and investigated in Chapter 4. The innovative 

fabrication strategy relies on weld reinforcement via spatially targeting stereocomplexation 

across layer interfaces. This is achieved by alternating deposition of enantiomerically opposite 

poly(lactides). Furthermore, the kinetics, spatial distribution and length scales of interfacial 

stereocrystallization under isothermal and non-isothermal conditions are addressed in detail in 

Chapters 4 and 5.  

Poly(lactides) have been and are today still the primary class of thermoplastic used in FDM  and 

has been successfully adopted in manufacturing industries to make functional prototypes, rapid 

tooling, and customized parts1–4. In many applications, the intrinsic mechanical properties are 

expected and desired. However, due to the slow molecular dynamics and morphological changes 

of the semi-crystalline polymer with time, a mismatch in the anticipated and the experimentally 

realized mechanical properties exists. The routes of blending low molar mass additives and 

interfacial stereocomplexation presented in this thesis are a unique and effective way to 

enhance inter-layer mechanical stiffness. Moreover, for the incorporation of these concepts in 

the 3D printing industry, no major modifications are required in existing FDM printing setups. 

To utilize low molar mass additives, the blends can be fed in the form of filaments or granules 

(feedstock for FDM printers). Achieving interfacial stereocomplexation in FDM requires a twin 

nozzle setup, which is embedded in most FDM printers today. However, it is important to note 

that in all printers a second nozzle is typically provided for deposition of a support material, 

which aids in the formation of complex geometries. The support material is typically water-

soluble and is removed after printing of the object. Therefore, the printing of complicated 

geometries in combination with interfacial stereocomplexation demands the use of multi-

material FDM printers having more than two nozzles. 

As highlighted in Chapter 5, interfacial stereocomplexation has great potential in Selective Laser 

Sintering (SLS), where the interfacial area is much greater than in FDM. Future research and 
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development on interfacial stereocrystallization in SLS is required, which shall focus on process 

optimization and evaluation of mechanical properties. It is also worth noting that 

stereocomplexation phenomena is not limited to poly(lactides). Complementary configurations 

that under specific conditions lead to stereocrystallization have been reported for various 

polymer systems such as aliphatic polyesters, aliphatic polycarbonates, polyimides, 

polyketones, and poly(methyl methacrylate)5–8. Consequently, interfacial stereocomplexation 

to mechanically reinforce polymer-polymer interfaces by effective stress transfer is applicable 

to other polymeric materials, expanding the diversity in mechanical properties, and certainly 

not limited to additive manufacturing. Composites comprise a class of materials in which a 

dispersed discontinuous phase adds functionality to the continuous matrix phase. Mechanical 

reinforcement of the dispersed phase to the continuous phase is always a challenging step in 

perceiving the ultimate properties of a composite. Thus, the interfacial stress transfer is often 

challenged but can be secured via the concept of interfacial stereocrystallization.   

Apart from applications in the manufacturing industry, Poly(lactides) are commonly used in 

biomedical applications as it uniquely combines biodegradability, biocompatibility, and 

thermoplastic facile processability 9,10. The use of poly(lactide) is not solely based on its 

biodegradability nor because it is made from renewable resources. It is being used because in 

comparison to competitively classified polymers as it performs very well and provides excellent 

properties at a low price 11. Via FDM technology, poly(lactide) in the biomedical industry is 

primarily utilized in the fabrication of bioresorbable implants and porous scaffolds for tissue 

regeneration. In the forthcoming section, the fundamental knowledge originating from this 

thesis is exploited by the introduction of an innovative fabricate route of porous scaffolds for 

tissue engineering with enhanced biomedical functionality.   

6.2 TECHNOLOGICAL IMPACT IN TISSUE ENGINEERING  

6.2.1 Introduction  

Evolution has provided nature with myriads of exquisitely engineered load-bearing constructs. 

To facilitate energetically optimized operations, the functional endurance of natural load-

bearing materials is based on porous, fibrillar and anisotropically reinforced composite 

structures fulfilling the requirement of being lightweight. The closest example is the building 

block of our skeleton. Bone encompasses a class of materials mainly consisting of mineralized 

collagen fibrils. To fulfill the requirement of mechanical support, uniquely spatially organized 

multi-sized pores are desired 12. Due to the presence of bone marrow, bone is a vascularized 

tissue that besides collagen contains various structural proteins. To render smoothness, i.e. low 

friction, transfer of loads in the cooperative functioning of the skeleton, the end of bones – 

known as the osteochondral interface - are made of cartilage, a special connective tissue (as 
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seen in Figure 6.1). Whereas bone is vascularized, cartilage is not, leading to a low regeneration 

potential after damage 13,14. Damage of this cartilage may lead to osteoarthritis, which is a 

chronic, progressive and degenerative disease that not only affects the elderly but also sportive 

younger athletes with joints that are excessively stressed 15. Studies of the United Nations 

predict that by 2050 about 130 million people will suffer from osteoarthritis 16. 

Besides initial pain medication, the treatment of, for example, knee cartilage lesions and 

symptoms are challenged by its avascular nature. Consequently, cartilage possesses low healing 

capacity that ultimately invokes joint replacement and even total knee arthroplasty 17,18. The 

performance of the currently used knee prostheses is unideal since its life-time is (i) limited to 

10-15 years, demands revision surgeries, and (ii), if it is mechanically overdesigned, weakens 

the resulting cooperative mechanical functionality. In terms of mechanical overdesign in re-

instigating anisotropic bone mechanics, it is remarkable to realize that most implants today, 

also the ones that are temporary and bio-resorbable in origin and are mechanically isotropically 

designed. Such a mismatch in mechanical design has adverse effects on the functioning of the 

regenerated or repaired tissue.  

Biofabrication to direct tissue regeneration of the defected osteochondral tissue seems most 

promising. Here, cells are seeded and are grown on an either in-vitro or in-vivo geometrically 

shaped scaffold that slowly degrades. Timing of degradation, and thus fading of the 

functionalities like shape and mechanics, must be aligned with the timescales of growth and 

self-functioning of the tissue. Due to ease and flexibility in shaping, thermoplastic polymers are 

preferred as a scaffold material. FDM is often used to geometrically reproduce the defected 

tissue by constructing scaffolds. An empirically derived rule of thumb for the best regeneration 

is accomplished using materials, here scaffolds, that mimic the functionalities of the native 

tissue as close as possible 19. Known functionalities are surface roughness, surface chemistry, 

porosity, surface – and macroscopic mechanics, often non-isotopically distributed in the native 

gradient tissue 20–24. Each parameter influences cell attachment, proliferation, and 

differentiation.  

 

 
Figure 6.1: Fixation of regenerative tissue using a mechanically isotropic screw (left) and deeper insight 
in the mechanical gradient of the osteochondral tissue (right), processed from Di Luca et al. 24.   
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The effect of gradient porosity on the differentiation of human mesenchymal stromal cells 

(hMSCs) was studied by Di Luca et al. 25. In the study, 3D printed scaffolds of poly(ethylene oxide 

terephthalate)/ poly(butylene terephthalate) (PEOT/PBT) with gradient porosity, homogenous 

surface chemistry and surface mechanics were used. Along a gradient in descending pore size, 

a gradual increase in chondrogenic markers and compaction of the formed extracellular matrix 

were observed. To reach ultimate control in hMSCs differentiation lineage, attempts are made 

to complement gradient porosity by gradient surface mechanics– a concept proven for the 

regeneration of soft tissue 26. The existence of such a stiffness – cell differentiation relationship 

for stiff tissue regeneration is yet a matter of debate and requires investigation. Two approaches 

to introduce spatial gradient (surface) mechanics are based on (i) either discrete mechanical 

transitions or, (ii) continuous transition/gradient in mechanics 24,27. Practically, both approaches 

are based on variations in materials and consequently materials chemistry, inducing an 

additional effect in terms of biological response and cell attachment 28. On top of that, multi-

material scaffolds with discrete mechanical transitions are prone to macroscopically fail once 

cooperatively mechanically stressed. 

To optimize the targeted functionality of regenerated tissue (here the osteochondral tissue), it 

may be beneficial to preserve homogenous surface chemistry for cell attachment and introduce 

natural gradients in macro-mechanics via a single component FDM printed system. The stiffness 

of a single bioresorbable polymer can be spatially controlled by directing the degree of 

crystallinity in three-dimensional space. The gradient structures developed can be used as 

directly implantable bioresorbable support structures and scaffolds in regenerative tissue 

engineering. To achieve and direct crystallinity gradients, the observations made in Chapter 2 

are recalled. Thermally induced structural heterogeneities along the build direction can evolve 

in parts printed with PLA due to the low crystallizing rate of PLA. In addition, to achieve a 

gradient structure, it is also important that (a) the range of stiffness closely mimics the stiffness 

range of osteochondral interfaces and, (b) the parameters that influence cell differentiation 

such as surface chemistry and porosity are not altered. In the following section, the fabrication 

of stiffness gradients by controlled variations in crystallinity via FDM printing is explored. The 

achievable gradients in stiffness are demonstrated by employing DMA and mechanical 

indentation studies.  

6.2.2 Materials and methods  

6.2.2.1    Material selection  

A biomedical PLLA grade with an enantiomeric purity above 99% and an inherent viscosity of 

1.8dl/g was provided by Corbion Purac (Gorinchem, The Netherlands). Since the glass transition 

temperature (Tg) of this material is 58°C, the material stays above its Tg at body temperature 
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(~37°C), rendering only slight variations in crystallinity induced stiffness. The optimum design 

of a scaffold dictates a high gradient in stiffness, as it is reported that the osteochondral 

interface comprises of a stiff subchondral bone and significantly softer mineralized cartilage. 

Here, the stiffness can vary within a range of 100 to above 1000  MPa 24,25,29,30. To achieve 

stiffness variation in this order of magnitude, the Tg of PLLA needs to be reduced significantly, 

so that stiffness variations due to crystallinity are more expressive and fit the targeted range in 

stiffness. However, the Tg cannot be much below body temperature, as it will lead to cold 

crystallization overtime, erasing the structural variations and inducing undesired dimension 

instability. To reduce the Tg, vitamin E (α-tocopherol) was used as a plasticizer. This selection 

was based on the fact that Vitamin E is (a) biocompatible and potentially bioactive 31,  and (b) 

relatively hydrophobic 32,33, reducing the probability of leeching out and causing an uncontrolled 

increase in  Tg over time. A series of PLLA-Vitamin E blends were produced by solution mixing 

PLLA and Vitamin E in chloroform for 1 hour under continuous stirring. The mixture was then 

poured into a petri dish and chloroform was allowed to evaporate at ambient temperature. 

Subsequently, the Tg of the blend was determined by Differential Scanning Calorimetry (DSC), 

by heating the sample from 0 to 200°C at a heating rate of 10°C/min. In Figure 6.2, the Tg of 

PLLA is followed as a function of vitamin E concentration by weight in the mixture.  It is apparent 

that the Tg decreases with the increasing wt-% of vitamin E. The addition of 18 wt-% of vitamin 

E resulted in a Tg close to 37°C and was used for further studies. From here onwards, in this 

chapter, this blend will be referred to as PLLA-V18.  

 

Figure 6.2: Glass transition temperature (Tg) of PLLA plotted as a function of the concentration of 
vitamin E measured by weight. 
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6.2.2.2    Scaffold design  

For scaffold fabrication, a PLLA-V18 filament with a mean diameter of 2.85 mm was prepared 

by melt extrusion at 190°C using a 3Devo single screw extruder. Thereafter, scaffolds were 

fabricated using an Ultimaker 2+ filament printer operating at a melt temperature of 190°C and 

a build plate temperature of 60°C. The sample having 18 layers, with a layer height of 0.4 mm, 

an infill of 50%, a 0/90° deposition strategy was printed. The dimensions of the scaffold were 

set to 20x20 x7.2 mm3 as illustrated in Figure 6.3.  To attain a crystallinity gradient along the 

build direction, where the bottom layer would have the highest crystallinity, the printing speed 

was set such that the time taken to attain maximum crystallinity was within the time taken to 

construct the part. Based on the isothermal crystallization measurement at 60°C of PLLA-V18, 

the time taken to achieve maximum crystallinity in the bottom layer was estimated. It is also 

important to note that in the current printing setup, a heated bottom plate controls the ambient 

air temperature. Due to the absence of a heated chamber, the ambient temperature decreases 

a function of build height and is not constant. This may further aid in achieving a crystallinity 

gradient, provided heat is sufficiently dissipated during deposition. To confirm this temperature 

profiling of the bottom layer was also performed.  

                                                

Figure 6.3: Schematic of sample geometry. 

6.2.2.3    Temperature recording 

To understand and control the evolution of a gradient in crystallinity along the build direction, 

the temperature history of the first deposited layer was mapped with varying time intervals 

between the deposition of successive layers. Temperature profiles were recorded using a 0.15 

mm K type thermocouple embedded in the base plate of the printer. The thermocouple was 

placed in the middle of the bottom layer. High accuracy in data acquisition was guaranteed by 

a DataQ DI718 data acquisition read-out system with 1 kHz sampling frequency.  

6.2.2.4    Structural analysis in scaffold 

The crystallinity of individual layers was determined via 2D wide-angle X-ray diffraction using a 

SAXSLAB’s Ganesha instrument equipped with a divergence source producing X-ray photons with 
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a wavelength of 1.54 A˚. The beam center and θ range were calibrated using the diffraction 

peaks of silver behenate. Conversion of 2D into 1D data was carried out with Saxsgui V2.13.01 

using an automated beam stop mask. 

6.2.2.5    Isothermal crystallization behaviour of PLLA-V18 

Differential Scanning Calorimetry (DSC) was used to study the crystallization behaviour of the 

PLLA-V18 blend. For the study, an amorphous sample was prepared by melting the solution 

blended sample between two silicon wafers at 200°C and subsequently quenching in a dry ice – 

acetone mixture of -78°C. DSC was performed using a TA instruments Q2000 by weighing 5mg 

of sample with ±5% accuracy in an aluminium pan that was sealed hermetically. The sample was 

heated at a rate of 30°C/min to a temperature of 60°C and kept isothermally for one hour to 

ensure (cold) crystallization. The relative crystallinity (Xt) is plotted as a function of time in 

Figure 6.4. It is observed that maximum crystallinity (Xt = 1) is achieved within approximately 8 

minutes.  

 

Figure 6.4: Relative crystallinity (Xt) plotted a function of time for isothermal crystallization of PLLA-
V18 performed at 60°C. 
 

6.2.2.6    Mechanical characterization  

The elastic modulus (E’) was evaluated by dynamic mechanical testing in tension mode using a 

Mettler Toledo DMA 1. The deformation was set to 5µm and at a frequency of 1 Hz. The storage 

modulus (E’) was recorded in a temperature range from 25 to100 °C using a heating rate of 5 

°C/min. The shear modulus (G’) was measured by dynamic mechanical testing in torsion mode 

using an Anton Parr MCR 302 at a strain of 0.01% and a frequency of 1Hz. 

To evaluate the surface stiffness, indentation studies were performed on a NanoIndenter XP 

(MTS Systems, USA). Experiments were performed in controlled displacement mode using 3µm 

displacement and a 2 mm cylindrical flat-ended indenter. During the measurement, the force 
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as a function of displacement was recorded during the loading and unloading cycle. A total of 

five measurements were performed on various locations on the sample.  

6.2.3 Results and discussion  

6.2.3.1    Stiffness gradient 

To confirm the hypothesis that the chosen plasticized PLLA system (PLLA-V18) can provide a 

significant gradient in stiffness, the mechanical properties were investigated in the amorphous 

and crystalline state. Films of solution blended PLLA-V18 (section 6.2.2.5) were heated to 190°C 

between two silicon wafers and kept isothermally for 2 minutes to erase the thermal history. 

Thereafter, samples were quenched in acetone to circumvent crystallization and achieve an 

amorphous state (Xt = 0). In order to achieve samples with maximum crystallinity (Xt = 1), the 

prepared amorphous samples were crystallized under isothermal conditions in a preheated oven 

at 60°C for 8 min, based on Figure 6.4. The thermo-mechanical properties of films with Xt = 0 

and Xt = 1 were evaluated by DMTA under tension and torsion modes, to provide the E’ and G’, 

Figure 6.5 (a) and (b) respectively. As typically seen in thermoplastics, upon heating the glass 

transition induces a drop in storage modulus E’ for both Xt = 1 and 0, Figure 6.5(a). Since polymer 

crystals contribute to network formation, the decrease in E’ is more pronounced in the 

amorphous sample (Xt = 0). Xt = 1 shows a higher stiffness compared to Xt = 0 in the entire 

measured temperature range. Additionally, upon heating Xt = 0 to higher temperatures, the 

decrease in E’ is followed by an increase. The increase in E’ is assigned to cold crystallization 

above the glass transition temperature 34. On the contrary, in the case of the Xt = 1 sample, no 

cold crystallization is observed, confirming that the maximum crystallinity was attained. In 

Figure 6.5(b) the G’ is plotted as a function of temperature and exactly matches the trends 

observed in E’, Figure 6.5(a).  

At room temperature, the increase in stiffness pertaining to crystallization is 21% (512 MPa to 

620 MPa). At body temperature (~37°C), the increase in stiffness is more pronounced, namely 

106% (243 MPa to 500 MPa). Retrospectively, the approach of reducing Tg close to 37°C confirms 

substantial variations in stiffness with variations in crystallinity. However, it must be noted that 

the bulk properties are measured via DMTA and may not always represent stiffness at the 

surface. In the context of tissue engineering, it is important to study the surface properties as 

cell response relies on their adhesion to a substrate 20–24. Therefore, the local surface stiffness 

was investigated by indentation methods. In Figure 6.5(c), the force was recorded as a function 

of displacement during the loading and unloading cycles. The measurements were performed at 

two temperatures: 23°C and 37°C.   
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Figure 6.5: The dynamic (a) elastic modulus (E’) and (b) shear modulus (G’) of PLLA-V18 plotted for Xt 
= 0 and Xt = 1 as a function of temperature, recorded by means of DMTA; (c) Indentation derived force-
displacement diagrams of films with Xt = 0 and Xt = 1 relative crystallinity to evaluate the effect of 
crystallinity on surface stiffness. Xt = 0 represents an amorphous substrate, while Xt = 1 represents a 
substrate with maximum crystallinity. Tests were performed at 23°C and 37°C respectively.  

 

Table 6.1: Contact stiffness(S) and maximum force (Fmax) for samples with Xt = 0 and Xt = 1 recorded by 
indentation at 23°C and 37°C. 

Sample Temperature (°C) Contact Stiffness S (N/m) Fmax (mN) 

Xt = 0 
23 10 x 104 66 

37 1.4 x 104 13 

Xt = 1 
23 13 x 104 82 

37 4.3 x 104 47 
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From Figure 6.5(c), the maximum force during the measurement (Fmax) and contact stiffness (S) 

were registered and reported in Table 6.1. For the calculation of S, the method used by Pharr 

et. al. was used. Here, the initial slope of the unloading curve represents S 35. The results at 

23°C and 37°C reveal that both S and Fmax increase with crystallinity as expected.  The effect is 

amplified at 37°C, as seen by a 207% increase in S and a 261% increase in Fmax. The above results 

confirm that (a) substantial variation in surface stiffness can be achieved for the selected 

material composition, and (b) the range of stiffness is within the range observed in the 

osteochondral interface 24,25,29,30. In the next section, the knowledge is transferred into the 

making of a “gradient scaffold” via FDM.  

6.2.3.2    Printing gradient scaffold 

To demonstrate control in the realization of a spatial gradient in crystallinity in a porous 3D 

printed scaffold, i.e. under non-isothermal conditions, the thermal profile during printing was 

first evaluated. Based on the observations in Chapter 2, it is likely that crystallization will 

proceed via cold crystallization during annealing cycles 34. In this way, the bottom layer 

experiences most annealing cycles and is expected to have the highest crystallinity. To ensure 

that the bottom layer attains maximum crystallinity, the printing speed was set to 50 mm/s, as 

it resulted in a printing time of approximately 8 minutes, comparable to the time required to 

reach maximum crystallinity (Xt = 1), Figure 6.4.  

Furthermore, it is crucial to note that in this scenario, the heat buildup within the specimen 

must be avoided. The temperature profile recorded is depicted in Figure 6.6. Typically, 

completion of a layer is marked by the immediate deposition of the next layer (no break/pause), 

which is represented by the measurement “0-sec break”. Despite the porous structure, the 

dissipation of heat after the deposition of each layer did not complete. In fact, the temperature 

minima remain above 60°C. To manage the temperature more accurately during printing, 

additional time for more effective heat dissipation was provided by the introduction of breaks 

of 10 or 15 sec after deposition of each layer. As observed in Figure 6.6, the incorporation of 

breaks reduced the peak minima to values just above the set build temperature of 60°C, 

confirming effective heat dissipation. Following this strategy, it is likely that the local heat 

administered via the melt extrudate can be used to control spatial variations in (cold) 

crystallization. 



- 119 - 
 

 

Figure 6.6: Temperature profiles of printing scaffolds from PLLA-V18 recorded at the center of the 
bottom layer at 50mm/s printing speed with breaks of 0, 10 and 15 seconds after each layer deposition. 

 

The sample prepared by employing a break of 10 sec after the deposition of each layer was 

characterized in further detail. The spatial gradient in stiffness in the sample was evaluated by 

means of WAXD of the bottom (layer 1), middle (layer 9) and top (layer 18) layers after isolation.  

The 2D WAXD patterns for layers 1, 9 and 18 are shown in Figure 6.7. The intensity of the broad 

amorphous halo relative to the intensity of the crystal-induced sharp circumferential diffraction 

signals enables the calculation of layer-specific crystallinity.  Based on the azimuthal integration 

of the 2D WAXD patterns, the crystallinity was evaluated. The results confirm that under the 

adopted printing protocol a clear gradient in crystallinity along the build direction exists as 

layers 1, 9 and 18 possess a crystallinity of 52%, 44%, and 0% respectively.    

                              
 

Figure 6.7: 2D WAXD patterns of layer1, 9 and 18 revealing the crystallinity gradient achieved.  
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6.2.4    Conclusions  

A novel route to introduce “continuous stiffness gradients” in a single component (and single 

chemistry) FDM printed scaffolds by spatial control of crystallinity is demonstrated. The method 

enables the design of scaffold-based regenerative strategies for the osteochondral interface by 

mimicking its characteristic stiffness gradient.  

As a next step, the question of whether these stiffness gradients alter human mesenchymal 

stromal cell differentiation is to be answered. A few points need to be taken into consideration. 

A cautious approach is required not to misinterpret the outcome of such a study. Other 

parameters, like surface roughness, are reported to potentially influence stem cell 

differentiation as well 23. Therefore, the effect of crystallinity induced surface stiffness and 

surface roughness on stem cell differentiation must be studied independently. 
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