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Abstract 

Direct laser writing is an effective technique for fabrication of complex polymeric 3D 

polymer networks using ultrashort laser pulses. Practically, it remains a challenge to 

design and fabricate high performance materials with different functions that possess a 

combination of high strength, substantial ductility, and tailored functionality, in 

particular for small feature sizes.  To date, it is difficult to obtain a time-resolved 

microscopic picture of the printing process in operando. To close this gap, we herewith 

present a molecular dynamics simulation approach to model direct laser writing and 

investigate the effect of writing condition and aspect ratio on the mechanical properties 

of the printed polymer network. We show that writing condition provides a possibility 

to tune the mechanical properties and an optimum writing condition can be applied to 

fabricate structures with improved mechanical properties. We reveal that beyond the 

writing parameters, aspect ratio plays an important role to tune the stiffness of the 

printed structures. 

 

 

 

 

 

 

 



Introduction 

Three-dimensional direct laser writing (3D-DLW) is an indispensable tool for high accuracy 

structuring and fabricating of arbitrary 3D micro- and nano-objects via a non-linear absorption 

induced polymerization process 1–3.  Over the past decade, this technology has become a well-

established lithography tool for fabricating a wide variety of  3D structures directly on 

functional substrates 4,5. This technique enabled a wide range of applications in photonics 6, 

microfluidics 7, as well as the generation of mechanical microstructures 8, and cell scaffolds 9. 

Despite recent advances in the manufacturing techniques and its applications, different 

limitations and challenges remain. For example, new photoresist formulations for fabricating 

conducting polymer devices 10,11, integrating new biocompatible materials 12, the integration of 

multiple materials in the same structure 13, increasing the structuring rate 14,15, and obtaining 

sufficient and controllable stiffness of the fabricated structure 16,17. Moreover, the relatively 

large feature size and limited resolution of DLW compared to electron-beam lithography (EBL) 

and focused ion beam milling have limited its application to deep sub-micron lithography. 

Several strategies have been applied in order to decrease feature size driven by interest in 

shrinking devices to nanometer scales, such as, introducing mobile quenching molecules 18 and  

implementing a second annular inhibiting laser, i.e. stimulated emission depletion (STED) 

lithography 19. To the best of our knowledge, the smallest feature size and the separation 

achieved to date are 7 and 33 nm, respectively 20.  

Recently, there has been a growing effort to bring direct laser fabrication from a laboratory 

curiosity to a versatile tool for the fabrication of various micro- nano-structures of 3D materials 

for functional devices 21–23. It has been observed that, while fabricating structures with higher 

stiffness is favorable in many applications 11, in some applications, such as tissue engineering, 

3D scaffolds with smaller Young’s modulus result in a better functionality as compared to stiffer 

structures 24.  In addition, structural modifications induced by shrinkage or insufficient stability 

during drying must be considered in the development step 25,26. Overall, the morphology and 



stiffness of the fabricated micro-/nano-structure play a key role in the functionality of the 

structure 13,16 and it is important to understand how both parameters can be controlled in the 

context of the DLW process parameters. This is of particular relevance for improved 

manufacturing of delicate structures. Experimental studies in this realm encounter serious 

challenges as it is not easy to control all parameters that influence the DLW process 27 or to 

observe this process on the nanoscale in operando. Additionally, difficulties in reliable 

fabrication of nanoscale specimens in combination with strain measurement complications 

make mechanical experiments challenging 28. 

To complement the experiment, computer simulations offer a time-resolved virtual analogue of 

the 3D writing process, in particular at small scales and promise insights into the details of this 

process that are difficult to obtain by experiment. Given its favorable cost, simulations allow 

for systematic studies of the variation of structure and stiffness of the fabricated polymer 

network 29,30 as a function of the process and materials parameters, which – in the long term – 

potentially enables virtual design/screening of materials and process conditions. There have 

been several studies attempting to emulate the two-photon polymerization conditions and 

extract the role of various involved process and material-dependent parameters 31–33. Analytical 

models have been developed that model termination via radical combination and radical 

trapping to investigate the effect of photoinitator concentration, light intensity and oxygen 

quenching on the polymerization process and time dependent conversion 31–33. While these 

numerical models are able to capture some aspects of laser-induced polymerization, their 

limitation is the lack of molecular scale information and parameters that must be fitted to 

experiment. This limits the long-term potential of these methods and their predictive value.  

With the continuous improvement of computational resources, molecular dynamics (MD) 

simulation, which represent both the molecular structure of the system and the dynamics of the 

process, has emerged as an increasingly powerful tool to model complex structure formation 

processes.  This approach is capable to model many process parameters and yields structural 



models that can be analyzed with respect to their mechanical properties 34–37 but remains limited 

with respect to system size and the time scales that can be treated 30,38,39. To date, there have 

been few studies that systematically investigated the influence of the initial composition and 

process parameters on the formation of the polymer network and its properties. Wang et. al 40 

have used this approach in order to model continuous liquid interface production (CLIP) 3D 

printing technique aiming to investigate the effects of elastic, capillary and friction forces on 

the quality of the shape of the 3D printed objects. Nevertheless, the accurate correlation between 

the writing condition, architecture and mechanical properties of the printed structures in DLW 

remains elusive and no theoretical model has been developed to dispel this issue. 

In this work, we develop and apply a molecular dynamics (MD) based protocol to simulate 

direct laser writing of 3D polymer networks starting from acrylate-based monomers, where 

monomers stick irreversibly with respect to experimental reaction rate constants by focusing 

on an experimentally important system. We employ a coarse grained MD simulation approach 

to explore the mechanical stability of 3D printed polymer networks of different aspect ratios 

applying different laser powers and exposure times and to explain how the structural and 

mechanical properties of the printed polymer network are correlated to DLW condition and 

their aspect ratio. 

Results and discussions 

Characterization of the printed polymer networks 

The degree of monomer conversion i.e. the fraction of bound functional groups as compared to 

the overall number of functional groups is an important parameter for polymerization reactions, 

especially in the DLW process. In polymer chemistry, it has been found that there is a saturation 

for monomer conversion as a function of the reaction time 41. In the case of DLW, different 

authors reported different degrees of conversion for commercial and non-commercial 

photoresists 41,42. While the control of the degree of polymerization in the voxel during the 



actual writing process is of utmost importance for further improvements of DLW, it has been a 

challenge to directly measure the level of chemical conversion in the printed area. A few studies 

investigate the effect of the writing condition on the properties of the printed polymer network 

28,42–46.  By using different detection instrumentations, for non-commercial resists based on a 

mixture of two different tri-acrylates, a monomer conversion degree of 60%-75% has been 

obtained while for organic-inorganic hybrid resists, degree of conversion has been reported to 

be 35%-75% 42,43. Nevertheless, it is clear that solidification and formation of chemically stable 

networks occurs at relatively low conversions well below 100%. 

We first consider different scenarios for the polymerization time vs. the exposure time, the 

former being defined as the time where a substantial polymerization can be observed, even 

after no new free radicals are generated anymore. To illustrate this effect, Fig. 2 shows the 

kinetics of monomer consumption in one voxel for two different exposure times, i.e. 50 and 

500 time steps. For the short exposure time, the polymerization reaction occurs from 0 to 200 

τ while for the longer exposure time it occurs between 0 to 170 τ. For the simulation with a 

exposure time of 50 τ, a significant amount of polymerization occurs after the exposure (dark 

polymerization) which is the common scenario in DLW of all tri-acrylate based photoresists 

33. We note that in this scenario, some free monomers are left within the exposure area while 

for long exposure times, all monomers are being consumed during the exposure time. 

To systematically study the degree of monomer conversion as a function of laser power and 

different exposure times, we fabricated a cubic polymer network of size 40×40×40 σ with an 

initial volume fraction of 85% monomers. As expected, the conversion increases with higher 

laser power or, correspondingly, higher exposure times and saturates towards high writing 

powers as shown in Fig. 2. We find that the laser power has a stronger influence on the degree 

of monomer conversion than the exposure time. For instance, increasing the laser power from 

23 to 45 mW increases the degree of conversion from 69% to 77%, while at the subsequent 

increments to 65 mW, the degree of monomer conversion only increases by ~2 percentage 



points. Hence, it is sufficient to apply moderate laser powers of 40-45 mW to reach a high 

monomer conversion ratio. 

In addition, Fig. 2 shows that the exposure time has a more pronounced effect on monomer 

conversion at lower laser powers. These findings are in good agreement with the experimental 

results obtained by Cicha et al. 42 on tri-acrylate based photoresists. 

Having generated a number of protocols for different exposure conditions, we are now able to 

characterize the mechanical properties of the polymerized network.  It has been found that the 

laser power applied for photo-polymerization critically affects mechanical properties of the 

final structure 17. To study the mechanical properties, we fabricate cubic polymer networks 

applying different laser powers and constant writing velocities. We find that the increase of 

laser power leads to the higher cross-linking density (number of the monomers that formed the 

maximal 3 bonds in this case) as shown in Fig. 3 (A-C). The degree of monomer conversion is 

increasing from 65% to 77% for the applied laser powers, as illustrated in Fig. 3 (D).  

The mechanical properties of the printed networks are studied by simulating stress-strain 

dependencies and calculating the Young’s modulus (E) from the slope of the stress–strain curve 

under different writing conditions, as discussed in the methods section. As shown in Fig. 3 (D), 

stress increases by increasing the laser power which is consistent with the behavior of the tri-

acrylate photoresist under similar conditions 17,28. Stress-strain curves do not illustrate a linear 

elastic behavior but they show a degree of hyperelasticity which is the typical behavior of 

rubbery materials under the mechanical test reflecting a two-region behavior (linear and 

nonlinear) 47. The first region, between 0 and 0.5, with the smaller slope corresponds to the 

increase of the stress due to the recoiling of the polymer chains and the part with the larger 

slope corresponds to the FENE bond stretching which is schematically shown in the insets of 

Fig. 3 (D) 17,48. Mechanical properties of the printed networks can be better quantified by 

estimating E from the slope of the stress-strain curve (Fig. 3 (E)). We find that for laser powers 

below 35 mW, E increases linearly as a function of the laser power and reaches a threshold for 



higher laser powers. Lemma et. al.17 performed a linear fit of E values obtained for laser powers 

below 20 mW, however, it was not possible to obtain experimental data for higher laser powers 

as overheating causes damage of the polymerized structure at high laser powers 41. Therefore, 

Fig. 3 (E) suggests that a polymer network with near-maximal stiffness can be obtained by 

applying the moderate laser powers between 35 mW to 40 mW. Our simulation shows that 

applying such laser power results in polymer network with ~70% degree of monomer 

conversion (degree of monomer conversion is increasing from 61% for the lowest laser power 

to 73% for the highest one).  

 

Effect of writing velocity on the properties of printed polymer networks  

Mechanical properties of printed objects needs tuning to enhance the performance in some 

applications.  For instance in the field of tissue engineering, the Young’s modulus of the 

synthesized scaffold must vary for different kinds of the cells to regenerate better 16,49–51. One 

direct approach for modifying the modulus is to change the writing laser power as we illustrated 

earlier. However, in experiment, sometimes it is easier to change the writing velocity rather than 

the laser power during the polymerization 52. To investigate the effect of writing velocity on the 

mechanical properties of the printed objects, we fabricate cubic polymer networks by applying 

different exposure times (different writing velocities) and constant laser power. Therefore, the 

decrease in the exposure time leads to decrease in the number of active monomers and lower 

cross-linking density. Then we deform the fabricated networks to obtain the stress-strain curve 

and calculate the Young’s Modulus using the same procedure as explained in the previous 

section. As shown in Fig. 4, the Young’s modulus increases with the exposure time, which is 

the direct result of increasing the degree of monomer conversion, which increases from 59% 

for t=200τ, to 63% for t=400τ, to 65% for t=800τ and 66% for t=1200 τ. The Young’s modulus 

increases by about 50% (from ~1 ε/σ3 to ~1.5 ε/σ3) by increasing the exposure time from 200 τ 

to 1200 τ.  It reaches a threshold value at 𝜏 = 1200 which indicates the saturation in cross-



linking density. It is due to the fact that all activated monomers polymerize in the early stage of 

the exposure time and further exposure leads to an increase in cross-linking density, however, 

in longer exposure times, the high steric effect within the formed 3D network do not allow for 

further cross-linking between the polymer chains. 

 

Stiffness of the printed polymer rods 

Recent developments in nano-scale devices take advantage of many complex patterns with high 

aspect ratio structures in its design 45,53–56. High strength along with high deformability is an 

essential property for the design and reliability of novel nano devices 57. The stress-strain 

curves, which result from a collective effect from all the particles, do not depend on the aspect 

ratio of the structure.    

To investigate the stiffness and deformability of small printed objects, we are more interested 

in some local events to understand how polymer networks of different aspect ratios behave 

under an external loading force as these local events can lead to crack formation. Therefore, 

nano-rods with different aspect ratios (length to diameter ratio) i.e.  20 σ, 30 σ, 40 σ and 50 σ 

cross section diameter and 120σ height were fabricated (see Fig. 5) in a monomer pool of 

80σ×80σ×240σ applying different laser powers ranging from 10 to 50 mW. 

The printed rods were deformed under the influence of an external force (details are provided 

in the method section). The maximum amount of the deflection versus the cross-section 

diameter for different laser powers are shown in Fig. 6. It shows that the deflection is decreasing 

as the cross-section diameter is increasing for all applied laser powers, which indicates that 

printed objects with higher aspect ratios have lower stiffness and hence higher flexibility 

(deformability). Nevertheless, it is also important to investigate the probability of crack 

formation for each rod in the deformation test. 

To understand how the printed samples behave under an external force, we investigate some 

local properties, i.e. particle strain inside the rods at their maximum deformation. In Fig. 7, we 



plot the distribution of atomic strains for all fabricated samples at their maximum deflection. 

All microstructural analysis and visualization of atomic strains are performed using the open-

source visualization tool OVITO 58. The highly localized, high-strain region are observed for 

all samples with high aspect ratios 𝑤 ℎ⁄ = 6 and 4 which get smaller by increasing the laser 

power. This region of high strain in high aspect ratio structure is likely to yield the onset of a 

fracture for all applied laser powers. Note, in our simulations the actual formation of a fracture 

cannot be observed since the structures are small and our model does not implement bond 

breaking.  For samples with ℎ 𝑤⁄ = 3, large areas of moderate atomic strain along with small 

regions of high strain is observed at low laser powers which disappear by increasing the laser 

power. For samples with ℎ 𝑤⁄ = 2.2, no high strain region can be detected, instead there exist 

low to moderate strain regions spreading throughout the deformed areas. Furthermore, no 

significant difference in the strength and distribution of atomic strain can be seen for structures 

with smaller aspect ratios. 

Therefore, the stiffness of high aspect ratio rods are largely independent on the applied writing 

condition i.e. laser power, suggesting the existence of a size threshold for which the expected 

writing condition-sensitivity does not apply. However, for nano-rods with smaller aspect ratios 

i.e. 𝑤 ℎ⁄ = 4 and 3, laser power affects the stiffness of the rod by decreasing the high strain areas 

and tailoring the rod stiffness from “weak” to “strong”, depending on the applied laser power. 

 

Conclusion 

We have presented a molecular dynamics simulation method to print 3D objects voxel by voxel 

from activated monomers and investigate the structural and mechanical properties of the 

fabricated 3D polymer networks. Based on the mechanism of free radical polymerization, 3D 

polymer networks were fabricated from the monomer pool in voxels and the formation of 

networks is governed by reaction rates constants and defined by classical potential energy 

functions and types of monomers participating in the elementary reactions. Therefore, 



formation of the polymer networks in our method emulates a real polymerization reaction in 

DLW process and makes it possible to create networks with topologies reminiscent of realistic 

networks.  It has been shown that the degree of monomer conversion and therefore mechanical 

properties of the polymerized structure can be controlled by changing the laser power and to a 

lesser extent by changing the writing velocity as long as the exposure time below the threshold 

value is applied. Furthermore, we found that to fabricate structures with high mechanical 

properties an optimum writing condition should be applied. While fabricating high aspect ratio 

structures is desired for many applications, our work highlights the limit in fabricating high 

aspect ratio structure in DLW, which could not be completely overcome by changing the 

writing conditions. We showed that the effect of laser power becomes less and less important 

when the aspect ratio of the printed objects increases.  

As experimental methods to observe the 3D printing process on the nanoscale are limited, we 

believe simulations based on microscopic models can help optimize the printing conditions for 

smaller and smaller feature sizes. We note that our approach can be expanded for any 

photoresist to study the effect of writing conditions and architecture on the mechanical 

properties of polymer networks and may thereby enable substantial reduction of experimental 

characterizations. 

 

Methods 

Polymerization model and algorithm 

In the DLW, voxel (volumetic pixel) which is a 3D isosurface of deposited laser intensity in the 

photoresist, defines the resolution of the two-photon polymerization process. Generally, free-

radical polymerization involves at least three steps: initiation, propagation, and termination 59. 

In our model, we have used a single bonding algorithm set with appropriate parameters to model 

radical polymerization and growth of 3D polymer network during the DLW process. The 

creation of bonds is ruled by the following chemical equation of A (active) and M (monomer) 



particles in a given interaction range which react at a rate k and convert to polymerized 

monomers (T), if they meet criteria explained in the following of the method section.  

Initiation:  

Propagation:     

Branching:   

                        

Crosslinking (and termination):  

Termination by oxygen quenching:      
 

Through initiation reaction the monomer is transformed into active center that can initiate 

polymerization reactions. In the propagation reaction, the active centers react with monomer 

molecule to form the first active adduct that is capable of being polymerized. Polymerizations 

continues in the same manner resulting in the formation of branched macromolecules that are 

actually end active polymers. The final reaction is termination that can be either by oxygen 

quenching which deactivates the growth centers or by reaction between two polymers bearing 

active centers. The described procedure is implemented in our simulations by controlling the 

monomer type during each elementary reaction and applying respective k for each reaction. 

The laser power influences the two-photon absorption and polymerization process by the power 

of two according to Leatherdale equation for tri-acrylate photoresists 60,61. Accordingly, in our 

model the rate of initiation reaction is influenced by the laser power and therefore the “active 

center” generation rate largely varies for different laser powers.  The size of the polymerized 

voxel is defined by the prolate spheroidal volume being moved three-dimensionally through 

the box of monomers allowing the fabrication of any 3D polymer network. The z axis is taken 

as the direction of propagation of the laser within the sample. Time evolution of fabrication of 



a sample polymer network with pyramidal shape is shown in Fig. 8 and as a movie in the 

supporting information. 

Concentration of monomers and reaction rate constants were derived from experimental data 

for tri-acrylate based monomers (PETA) photoresist 33. They are often used in DLW without 

additional mono or bi-functional monomers for both academic and industrial purposes. The 

experimental data were converted to probability parameter and are reported in table 1. It should 

be noted that since each monomer has hydrodynamic radius of about 1 nm according to our 

calculations, the length scale σ in our model is representative of ~1 nm length.  

In the MD simulation of direct laser writing, we use a bead and bead-spring representation of 

the coarse-grained monomers. The simplest model for an elastomer which can capture the 

essential features of a rubbery (elastomer) material at the atomic scale is the model developed 

by Kremer and Grest 62 in which the monomers are lumped together into spherical beads and 

the beads are connected through elastic springs.  

 

 Simulation details 

 In the MD simulation of direct laser writing, we assume that all the particles in the system have 

identical masses (m) and interact via a truncated Lennard-Jones 6-12 potential equilibrated as 

polymer melts at a number density ρ = 0.85 63. The ε and σ parameters are the same for all 

monomers and set to unity in all simulations and the cutoff distance for the bead-bead 

interactions was set to rcut = 2.5σ. The connectivity of the network mesh and beads into polymer 

chains was maintained by the finite extension nonlinear elastic (FENE) potential with the spring 

constant kspring = 30 kBT/σ2 and the maximum bond length Rmax = 1.5σ 62. The repulsive part is 

represented by truncated-shifted Lennard-Jones (LJ) potential with rcut = 21/6 σ and εLJ = 1.5kBT 𝑈𝐹𝐸𝑁𝐸(𝑟) = −12 𝑘𝑠𝑝𝑟𝑖𝑛𝑔𝑅𝑚𝑎𝑥2 𝑙𝑛 (1 − 𝑟2𝑅𝑚𝑎𝑥2 )                    (1) 



This regime is well investigated through previous simulations on different properties of 

polymeric materials64–70. We include some conditions in our simulation in order to control the 

polymerization reaction. The monomeric units are of functionality three, which means that 

during polymerization process (resin curing); each active monomer can form up to three bonds 

with its neighbors. A new bond could be added to an already connected bead as long as the 

number of bonds per bead is less than the maximum possible number. A monomer could react 

with an active monomer within a certain probability if the distance of the selected bead is 

smaller than 1.15σ (reaction radius) from an active monomer. Reactions are performed every Θ 

MD steps of time step ∆t. In all MD simulations for polymer network formation, the NVE 

ensemble was adopted and periodic boundary conditions were applied on three dimensions. The 

number of particles in the simulation box varies from ~52000 for one voxel printing to 

~1,200,000 for nano-rods that are printed voxel by voxel. All MD runs were performed using 

the large-scale atomic/ molecular massively parallel simulator (LAMMPS) software developed 

by Sandia National Laboratories71. After fabricating the 3D polymer networks, they were 

relaxed for at least 5 × 10 4 τLJ  in NPT ensemble. The temperature is maintained to be constant 

by coupling the system to a Langevin thermostat 72.  

To calculate the Young’s modulus, a set of uniaxial tensile deformation were performed to 

obtain the stress–strain curves. The uniaxial deformation is realized by stepwise stretching the 

simulation box with Δt=0.01τ along the x-axis and at the same time compressing the box along 

Lz and Ly appropriately to maintain the simulation box being constant. A constant engineering 

strain rate of v= 0.0327τ-1 was employed during the tensile process which cause the box 

dimension to change linearly with time in one dimension. It has been shown that the strain rate 

will affect the stress and hence calculated Young’s modulus 73, but since studying this effect is 

not the purpose of this study, we have used a strain rate which has been used frequently for the 

similar coarse grained simulations 69,74. The applied strain rate is comparable with the segmental 



relaxation and practical deformation process of elastomers. The tensile stress σ in the z direction 

is calculated from the deviatoric part of the stress tensor75: 𝜎 = (1 + 𝜇)(−𝑃𝑧𝑧 + 𝑃) = 3 (−𝑃𝑧𝑧 + 𝑃) 2⁄                                    (2)                                                     

Where µ is the Poisson’s ratio and set to be 0.5 according to the literature and 𝑃 = ∑ 𝑃𝑖𝑖𝑖 3⁄  is 

the hydrostatic pressure 76. 

To investigate the influence of aspect ratio of the fabricated polymer network on its mechanical 

properties, rods with cross section diameters 20σ, 30σ, 40σ and 50σ and 120σ height were 

prepared by applying laser powers ranging from 10 mW to 50 mW (16 rods). Simulations were 

performed in a big simulation box 80×80×240 σ (1,200,000 monomers) and rods were printed 

using 12 layers (voxels) on a substrate consisting of the fixed particles. The exposure time for 

each voxel were set to be 1200 τ . As the final preparation step, unreacted monomers were 

removed from the simulation box and the fabricated structures were cooled down at T=0.5 for 

50,000 timesteps since equilibration at high temperatures causes flow and a ‘‘melting’’ of the 

printed structures. 

To investigate the stiffness of the printed structures and elucidate how they behave under an 

external force, we have developed a model to perform bending simulation. To bend the 

structure, one end of the rod is kept fixed during the simulation, which means that all degrees 

of freedom are set to zero for the fixed particles. A constant force per particle (F/particle), 0.004 

ε/σ is applied in the y direction to the unfixed part of the rods for 5 × 104 τLJ, letting them to 

exert large deflection as shown in the Fig. 9. The MD simulation of deformation have been 

performed at T=0.5 and Δτ=0.01 were used. The maximum deflection of each rod (shown in 

Fig. 9) has been calculated from the average atomic displacement of the particles. 

We need a measure that allows us to identify local atomic events within the deformed rods. Falk 

and Langer 77 developed a method for determining the local deformation of an atomic system 

by introducing minimum non-affine squared displacement D2min. Based on the finite-strain 



theory, the strain for atom i is calculated from the atomic-level deformation gradient and the 

strain tensor at each particle from the relative motion of its neighbors. Accordingly, atomic 

strain which is measured using the Green-Lagrangian strain tensor is a good measure of local 

inelastic deformation 78. All analysis and calculation of atomic strains and displacements has 

been performed using OVITO 58. 
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Figures and Tables 

 

  

Fig. 1. Kinetics of monomer consumption for two exposure times (50 and 500 τ). The gray 

areas show exposure times. 

 

 

Fig.2. Degree of monomer conversion with respect to exposure time and laser power. 

 



   

 
 

Fig. 3. (A-C) 3D polymer blocks printed applying different laser powers, yellow regions 
represents cross linked monomers illustrate the increase in the cross-linking density as the laser 
power increases (D) Stress-strain curve for the printed networks with different laser powers (E) 
calculated young modulus as a function of the laser power. 
 

 

 

  

Fig. 4. (A) Stress-strain curve for printed blocks applying different exposure times (B) 
Young’s modulus calculated from the slopes of the stress-strain curve. 
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Fig. 5. Printed rods with different aspect ratios, (A) h/w=6 (B) h/w=4w= (C) h/w=3w= and 
(D) wh/w=2.4  
 

 

 

Fig. 6. Maximum deflection of the printed rods vs. cross section diameter for different 
laser powers 
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Fig. 7. Distribution of atomic strain in printed rods of different aspect ratios with atoms 
colored according to their strain for laser power. (A) 10 mW (B) 30 mW (C) 35 mW and (D) 
50 mW. Color map is for atomic strain and the rods are sliced through the slab centers.  
 



 

    

Fig. 8. Time evolution of the pyramid growth during direct laser writing. The yellow 
volume represents the laser exposure area (voxel). The pink glassy area represents the 
unreacted monomers.  
 

 

 

Fig. 9. Schematic presentation of rod deformation by external applied force. 
 

Table 1. Parameters that are used in the simulations to control laser writing condition 
and polymerization reactions 33.  

Parameters Value Description 

A, M, T - Types of reacting (A) and resulting (M,T) CG beads 

Ppolymerization 0.74 The probability with which polymerization happens 

Pquenching 0.26 The probability with which active monomers deactivate (oxygen 

quenching) 

[ρ] 0.85 Number density of the monomers in the simulation box 

Plaser αP2  

 P=laser power and α=0.007 

The probability with which active monomers are generated 

E Simulation time Exposure time (τLJ) 

τR 10 Time intervals between two reactive MD steps 

 



 

Supplementary Materials 

 

Movies S1. Fabrication of a pyramid polymer network in a cubic monomer pool. Free 

monomers are shown in a pink glassy material.  

 

Movie S2. Fabrication of a rod in a cubic monomer pool. 

 

 

 

 

 

 



Figures

Figure 1

Kinetics of monomer consumption for two exposure times (50 and 500 τ). The gray areas show exposure
times.

Figure 2

Degree of monomer conversion with respect to exposure time and laser power.



Figure 3

(A-C) 3D polymer blocks printed applying different laser powers, yellow regions represents cross linked
monomers illustrate the increase in the cross-linking density as the laser power increases (D) Stress-strain
curve for the printed networks with different laser powers (E) calculated young modulus as a function of
the laser power.

Figure 4



(A) Stress-strain curve for printed blocks applying different exposure times (B) Young’s modulus
calculated from the slopes of the stress-strain curve.

Figure 5

Printed rods with different aspect ratios, (A) h/w=6 (B) h/w=4w= (C) h/w=3w= and (D) wh/w=2.4

Figure 6

Maximum de�ection of the printed rods vs. cross section diameter for different laser powers



Figure 7

Distribution of atomic strain in printed rods of different aspect ratios with atoms colored according to
their strain for laser power. (A) 10 mW (B) 30 mW (C) 35 mW and (D) 50 mW. Color map is for atomic
strain and the rods are sliced through the slab centers.



Figure 8

Time evolution of the pyramid growth during direct laser writing. The yellow volume represents the laser
exposure area (voxel). The pink glassy area represents the unreacted monomers.

Figure 9

Schematic presentation of rod deformation by external applied force.
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