
Performance comparison of acrylic and thiol-
acrylic resins in two-photon polymerization 

Lijia Jiang,1 Wei Xiong,1,2 Yushen Zhou,1 Ying Liu,1 Xi Huang,1 Dawei Li,1 Tommaso 
Baldacchini,1,3,* Lan Jiang,4 and Yongfeng Lu1,5 

1Department of Electrical Engineering and Computer Engineering, University of Nebraska-Lincoln,Lincoln NE 
68588, USA 

2Wuhan National Laboratory for Optoelectronics (WLNO), Huazhong University of Science and Technology, Wuhan, 
Hubei 430074, China 

3Technology and Applications Center, Newport Corporation, Irvine, CA 92606, USA 
4Laser Micro/Nano-Fabrication Laboratory, School of Mechanical Engineering, Bejing Institute of Technology, 

Beijing 100081, China 
5ylu2@unl.edu 

*tommaso.baldacchini@newport.com

Abstract: Microfabrication by two-photon polymerization is investigated 
using resins based on thiol-ene chemistry. In particular, resins containing 
different amounts of a tetrafunctional acrylic monomer and a tetrafunctional 
thiol molecule are used to create complex microstructures. We observe the 
enhancement of several characteristics of two-photon polymerization when 
using thiol-acrylic resins. Specifically, microfabrication is carried out using 
higher writing velocities and it produces stronger polymeric 
microstructures. Furthermore, the amount of shrinkage typically observed 
in the production of three-dimensional microstructures is reduced also. By 
means of microspectrometry, we confirm that the thiol-acrylate mixture in 
TPP resins promote monomer conversion inducing a higher degree of cross-
linked network formation. 
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1. Introduction 

Fabrication of three-dimensional microstructures by two-photon polymerization (TPP) has 
evolved in recent years from a novel technique employed mostly by laser specialists to a 
useful tool in the hands of scientists and engineers working in a wide range of research fields 
[1] (the abbreviation TPP is used in this article as a general term for describing 
photopolymerization induced by n-photon absorption with n ≥ 2). A perusal of the scientific 
literature on this topic reveals in fact how extensive the impact of TPP has been in 
applications that require high precision three-dimensional writing; from the fabrication of 
optical and mechanical metamaterials to the development of rationally-designed substrates for 
cell motility studies [2–4]. 

There are two key reasons that render TPP such an attractive solution for the fabrication 
of microstructures. The first reason is that TPP is intrinsically a three-dimensional writing 
technique; it does not require a layer-by-layer approach to create complex objects. The second 
reason is that TPP can create microstructures with sub-micron feature sizes in a relatively 
straightforward manner. These characteristics originate from the nonlinear optical nature of 
light absorption in TPP and from the chemistry of the polymerization that follows [5]. 

In a typical experiment, near-infrared (NIR) emission is used to excite a photosensitive 
material (resin) that upon light absorption undergoes a phase change from liquid to solid 
through a polymerization process. Since the resin is transparent in the NIR region of the 
spectrum, high numerical aperture (NA) lenses and ultra-short pulsed lasers are employed to 
increase the probability of a multiphoton absorption event to occur. That is two or more 
photons are simultaneously absorbed by specialized molecules in the resin (photoinitiators) to 
create the active species that start polymerization. Under these conditions multiphoton 
absorption occurs only in the region where light intensity is the highest, thus confining 
polymerization within the volume of the focused laser beam (voxel). Three-dimensional 
microstructures are created by precisely overlapping voxels through the scanning of either the 
laser beam or the sample around predetermined geometries. Successively, the microstructures 
are revealed by washing away the unsolidified part of the resin using an organic solvent. 

The exposure curves of resins employed in TPP are quite nonlinear, thus creating a light 
intensity threshold below which polymerization does not occur [6]. It is the presence of this 
intensity threshold that permits the formation of voxels with dimensions that are considerably 
smaller than the wavelength of light used for fabrication. For example, by adjusting the 
intensity of the excitation laser barely above the minimum intensity needed to start and 
sustain TPP, voxels 100 nm wide can be obtained with a typical exposure wavelength of 800 
nm [7]. Although the diffraction limit can be broken in TPP using this strategy, writing 
resolution still suffers from the intrinsic characteristics of the materials employed for 
polymerization. Because of the so-called “memory effect” of the resin, the minimum 
achievable distance between two voxels is always two to five times larger than the size of the 
voxel itself. As a consequence, the highest writing resolution reported so far in TPP is around 
200 nm [8]. 

In recent years, several research groups have developed clever strategies to overcome this 
limitation, reaching impressive results [9]. In the majority of these techniques, two laser 
beams with varied spatial and temporal characteristics are used simultaneously to create 
features with dimensions that are no longer limited by optical diffraction. In all cases, writing 
resolution was dramatically improved. For example, researchers lately achieved an impressive 
lateral writing resolution of only 52 nm [10]. TPP writing resolution was also improved using 
a chemical approach, where a quencher molecule is added to the resin composition [11]. 
These studies are all very important because they extend the capabilities of TPP well within 
the realm of nanoscale direct-writing. Furthermore, they investigate the mechanism of light 
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absorption and active species diffusion that take place in TPP thus increasing our 
comprehension of its mechanism. 

The list of negative-tone resins used so far in TPP includes epoxy materials such as SU-8, 
elastomers such as PDMS, hydrogels, proteins, organic-inorganic hybrids, and 
multifunctional acrylates [12–17]. Among these, resins based on multifunctional acrylates 
have received considerable attention [18]. The widespread use of such materials in TPP 
research is explained by taking into consideration the favorable attributes acrylic monomers 
and oligomers possess, which render them attractive for microfabrication [19]. Since they are 
widely used in several industries, acrylic molecules are inexpensive and readily available. 
They have a relatively stable shelf life, and can be found in a wide assortment of 
functionalities and sizes. When non polymerized, acrylic-based resins are soluble in common 
solvents such as ethanol and they are easily processed by spin-coating or drop-casting. 
Furthermore, acrylates retain high polymerization rates due to their reactivity toward active 
species such as radicals [20]. To increase the integrity and accuracy of the fabricated three-
dimensional microstructure, branched acrylic monomers are typically enlisted in TPP resins. 
In this way, rigid and insoluble polymer networks are created with a gelation onset that arises 
at low level of material conversion. Acrylic-based resins are polymerized via a radical chain 
growth mechanism where several reactions with different rates for initiation, propagation, and 
termination occur simultaneously [21]. The active species (i.e. radicals) that start the 
polymerization are created by the photoinitiators following multiphoton absorption. 
Monomers react only with the propagating reactive center, not with other monomers, and 
chain addition ceases when the concentration of radicals is depleted by a number of 
termination reactions. 

Despite the numerous advantages acrylic molecules impart to resins used in 
photopolymerization, they also present some limitations. Specifically, acrylic based resins are 
notorious in producing inhomogeneous polymer networks and they are sensitive to the 
presence of dissolved molecular oxygen [22, 23]. The latter interferes with the chain growth 
mechanism by forming peroxy radicals which do not react rapidly with acrylates. Thus, 
oxygen has the overall effect of reducing polymerization efficiency by scavenging radicals 
and effectively terminating them [24]. Several strategies have been employed in the UV 
curing industry to overcome both of these drawbacks. A common strategy is the addition of 
thiol molecules to the original acrylic mixture [25]. The relatively weak bond between the 
sulfur and hydrogen atoms in thiols is capable of transforming the polymerization chemistry, 
from a pure radical chain growth process to a combination radical chain growth and step 
growth process, with far-reaching consequences to the chemical and mechanical properties of 
the ultimate polymer [26]. During photopolymerization, the presence of thiol molecules in the 
acrylic based resin renders normally unproductive radicals, such peroxide radicals and 
sterically hindered radicals, “alive” again through a chain transfer mechanism. In this step, 
hydrogen abstraction occurs between these radicals and thiol molecules, generating thyil 
radicals which in turn can efficiently add to the carbon-carbon double bonds of acrylates, and 
in doing so, furthering the degree of polymerization. 

Thus, photopolymerization of resin mixtures consisting of acrylates and thiols produce 
polymer networks from the copolymerization of acrylates with thiols and from the 
homopolymerization of acrylates [27]. This particular combination of different types of 
radical polymerization processes generates polymeric structures with highly uniform 
densities. A clear demonstration of this outcome is the narrow glass-transition region of 
polymers derived from these resin mixtures, in contrast to the broader one typically obtained 
from acrylic-based resins only [25]. Moreover, resins with both thiol and acrylic monomers 
are almost insensitive to the inhibition effect of dissolved oxygen. As a consequence, 
polymerization rates of acrylic-based resins are accelerated by the addition of thiols with the 
overall effect of generating polymers with sufficient cure rates, even when the photoinitiator 
concentration is greatly reduced. 

The superior performance of the process and products involved in the 
photopolymerization of thiol-acrylic resins (and of general thiol-ene resins), have made these 
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materials the center of many research studies with practicality in areas as diverse as optics, 
microfluidics, and lithography [26]. The TPP community has also taken notice of the 
improvements brought upon by the use of thiols molecules within resin photopolymerization. 
In one report, the authors built photonic crystals out of a resin consisting of a multifunctional 
allylether and a multifunctional thiol [28]. By confirming the presence of dangling and 
unreacted thiol moieties on the surface of the polymer, the authors were able to successfully 
functionalize the surface of the microstructure with various ligands by means of a thiol-
Michael addition reaction. Although other methods have been described for reaching the 
same goal in TPP [29, 30], this particular strategy has the advantage of avoiding harsh 
chemical environments, thus positioning itself in a favorable way for the grafting of TPP 
microstructures with bio-compatible ligands. In another report, TPP is used to fabricate 
hydrogel microstructures, taking advantage of the efficient photopolymerization between 
acrylates and thiols [31]. In this case, the acrylate is a derivative of gelatin hydrolysate while 
the thiol is provided by the use of reduced bovine serum albumin. Besides the importance of 
this study for the fabrication of biologically viable three-dimensional scaffolds for tissue 
engineering, the writing speed employed by the authors to perform TPP is noteworthy. By 
using a water soluble, rationally designed photoinitiator with a large two-photon cross-
section, the authors demonstrate fabrication with writing speed as high as 50 mm/s. Lastly, 
complex microstructures are presented in a recent report, by using TPP in a clever three-step 
polymerization process [32]. In the first step, a Diels-Alder reaction transforms a liquid resin 
into a gel. Then, three-dimensional patterns are written within the gel by TPP, using the 
photopolymerization of a multifunctional thiol with the oxy-norbornene groups present in the 
gel matrix. The final microstructure is then exposed by means of a reverse Diels-Alder 
reaction. The use of a reversibly cross-linked polymer network as described in this report 
eliminates the sedimentation problem experienced in most liquid negative-tone resins and will 
be advantageous in applications where fabrication of noncontiguous features in three-
dimensions are required. 

Herein, we address the difference between an acrylic resin and a thiol-acrylic resin 
through a direct comparison of their performances when used in TPP. By using commercially 
available materials (monomers and photoinitiator) and excitation provided by a NIR ultrafast 
oscillator laser, we aim to provide quantitative observations of the differences between these 
two types of resins under the most common TPP experimental conditions. Furthermore, we 
are interested in elucidating the specific advantages and disadvantages in using thiol-acrylic 
resins for TPP, by investigating writing conditions, writing accuracy, degree of material 
conversion, and mechanical properties in a comparative manner. 

2. Materials and methods 

Resins employed in this work consist of a multifunctional acrylic monomer (di-
trimethylolpropane tetraacrylate, Sartomer), a multifunctional thiol molecule (pentaerythritol 
tetrakis (3-mercaptopropionate), Aldrich), and an α-amino ketone photoinitiator (2-benzyl-2-
(dimethylamino)-4’-morpholinobutyrophenone, Aldrich). The photoinitiator has maximum 
linear absorption around 330 nm and it has been shown to be an efficient radical generator for 
TPP in the emission range of ultrafast NIR lasers [33]. All materials are used as received 
without any further purification. The acrylic based resin (Acry) is composed of, by weight, 
1% photoinitiator and 99% acrylic monomer. Acrylic-thiol resins (AcryS) are prepared by 
mixing the thiol and acrylate molecules in various concentration ratios. Specifically, AcryS 
resins with multifunctional thiol concentration ranging from 1.5% to 40% by weight are used. 
All AcryS resins contain 1% by weight of the photoinitiator. Prior to use, all resins are stirred 
for 24 hours at room temperature until a homogenous solution is obtained. The resulting 
viscous liquids are then applied onto microscope cover-slips by drop casting. TPP is started at 
the resin/substrate interface to ensure that microstructures do not move during the writing 
process and above all that they may survive the subsequent developing step. After completion 
of the writing process, the unsolidified part of the resin is washed away in a bath of ethanol, 
revealing the desired microstructures on the glass substrate. AcryS resins with concentration 
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of the multifunctional thiol molecule higher than 40% led to the instantaneous gelation of the 
material at room temperature. Therefore, they are not considered in this study. 

TPP is performed using a 3D laser lithography system (Photonic Professional, Nanoscribe 
GmbH) where complex microstructures are formed by either moving the sample around a 
fixed laser beam or by scanning the laser beam in a fixed sample. Excitation is provided by an 
ultrafast laser with center wavelength, pulse width, and repetition rate of 780 nm, 100 fs, and 
80 MHz, respectively. During microfabrication the laser beam is focused in the resin by 
means of an oil-immersion objective lens (63x, 1.4NA). Laser average powers reported in this 
study are all measured before the microscope objective. Imaging of the microstructures 
fabricated by TPP is performed with a field emission SEM (S4700, Hitachi); prior to imaging 
all polymeric microstructures are coated with a 5 nm thick layer of chromium. 

Two types of microscopies are employed in this study for characterizing microstructures 
fabricated by TPP. In the first method, information on the polymers degree of conversion is 
attained using Raman microspectroscopy (InVia H18415, Renishaw) [34]. The excitation 
source is provided by a 785 nm solid-state diode laser and it is focused into the sample with a 
100x objective lens (0.85NA). The same objective lens is used in epi configuration to collect 
the signal. Raman spectra are recorded with an acquisition time of 10 seconds and with a laser 
average power of 10 mW. In the second method, a laser scanning microscope is used to 
collect two-photon induced fluorescence images (BX61, Olympus) [35]. TPP microstructures 
are excited with 800 nm from a Ti:sapphire oscillator using a 25X microscope objective 
(1.05NA). Images are constructed using fluorescent signal collected by the same microscope 
objective; only the signal going through a 40 nm bandpass filter centered at 520 nm is 
employed. 

The mechanical properties of TPP microstructures are accessed with a nanoindenter 
(TI750Ubi, Hysitron). Indentation is executed with a conical-shape probe having a tip radius 
of 3 µm. Working times for tip loading and unloading are 20 seconds, while maximum load 
of 12 mN is held for only 5 seconds to minimize creep behaviors. Microstructures are tested 
with multiple indentations with depths from 500 nm to 1500 nm to ensure reliable results 
unaffected by surface roughness and defects. 

3. Results and discussions 

3.1. Writing conditions 

When performing TPP, it is important to constraint laser excitation between the 
polymerization and damage threshold intensities. If the laser intensity is lower than the 
polymerization threshold, no sustaining polymerization is induced. If the laser intensity is 
higher than the damage threshold, the resin boils rendering microfabrication uncontrollable. 
From a practical standpoint, the polymerization threshold is the minimum value of laser 
intensity capable of creating polymer features that survive unaltered the developing step. It is 
desirable for a resin to possess a large writing dynamic range. In this way, voxels with varied 
dimensions are accessible for optimal realization of microstructures. 

To test whether or not the presence of thiol molecules in TPP resins affect the writing 
dynamic range, we fabricate a three-dimensional microstructure under different experimental 
conditions using first the Acry resin and then the AcryS resin with 30% by weight of the 
multifunctional thiol molecule. The microstructure consists of a woodpile geometry with line-
to-line and layer-to-layer distances of 2.5 µm and 0.8 µm, respectively. The overall size of the 
woodpile is 22 x 22 x 20 µm3. TPP is performed using laser average powers from 15 mW to 
60 mW, while writing velocities ranged from 2 mm/s to 5 mm/s. SEM images of arrays of 
these microstructures are shown in Fig. 1. To help visualize the dynamic range for each resin, 
microstructures developed with no obvious deformations are highlighted in green. The 
difference is striking; the window of useful writing parameters for TPP is wider in the case of 
acrylic based resins when mixed with thiols. For example, at the lowest writing speed of 2 
mm/s, TPP is successfully performed in the AcryS resin with laser average powers from 20 
mW of 40 mW. Instead, with the Acry resin, only one laser average power (40 mW) results 
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acceptable for performing TPP. As described in the introduction, the multifunctional thiol 
used in AcryS limits the inhibiting effect of molecular oxygen dissolved in the resin. The 
laser intensity required to generate the critical amount of radicals for a sustainable TPP is then 
higher in pure acrylic resins than in acrylates/thiols mixtures. Thus, the overall effect is to 
expand the writing dynamic range by effectively lower the laser intensity threshold for 
polymerization. 

 

Fig. 1. SEM images of arrays of woodpile microstructures fabricated by TPP using different 
writing conditions. Resins Acry and AcryS are used in (a) and (b), respectively. 
Microstructures that survived the fabrication process unaltered are highlighted in green. 

Besides expanding the dynamic range of TPP writing, lower laser intensity thresholds 
induce also the formation of finer voxels. In the next experiment we determine how higher 
and higher thiol concentrations in AcryS resins influence the polymerization threshold and, 
consequentially, the size of the formed voxels. To determine these parameters, parallel lines 
each fabricated using only one laser pass are written across two large supports that are 
anchored to the substrate. The suspended lines are made with a writing velocity of 20 µm/s, 
while the laser average power is varied so to have each line produced with a different energy 
dose. The polymerization threshold is defined in this test as the minimum laser average power 
capable of creating a stable polymer line which survives the developing step. This line is also 
used to measure the minimum feature size (i.e. the linewidth). The test microstructures for 
extrapolating polymerization thresholds and corresponding linewidths are fabricated using the 
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Acry and AcryS resins with multifunctional thiol molecule concentrations ranging, in weight 
percent, from 10 to 40. 

The results are plotted in Fig. 2(a). The polymerization threshold for the Acry resin is 6 
mW. By adding larger and larger amounts of the multifunctional thiol molecule in the resin 
mixture, a monotonic decline in the measured polymerization threshold is observed reaching 
a value of 2 mW for thiol concentration larger than 30% in weight. The corresponding 
linewidths of the features created at polymerization thresholds (i.e. minimum feature size) 
follow a slightly different trend. First, the smallest achievable linewidth for the Acry resin is 
about 290 nm (Fig. 2(b)). Then, it gradually diminishes as more and more multifunctional 
thiol molecule is added into the AcryS resins. The smallest linewidth of 183 nm is measured 
in the resin with 30% in weight of multifunctional thiol molecule (Fig. 2(b)). Finally, the 
trend is reversed, and a dramatic increase in the linewidth is measured in the resin with 40% 
in weight of the multifunctional thiol molecule with a value of 439 nm. 

 

Fig. 2. (a) Dependence of polymerization thresholds and minimum feature size on thiol 
concentration used in TPP resins. While polymerization thresholds decrease with increasing 
thiol concentration, the smallest linewidth is obtained at a thiol concentration of 30% by 
weight. (b) SEM images of suspended lines fabricated with the Acry resin and with the AcryS 
resin containing 30% by weight of the multifunctional thiol molecule. 

There are two competing mechanisms in the fabrication of these microstructures when 
using AcryS resins. Depending on the concentration of the multifunctional thiol molecule, 
one must play a stronger role than the other one. For thiol concentration up to 30% in weight, 
the depression of the polymerization threshold allows using lower laser average powers and 
thus creating smaller feature sizes. When the thiol concentration exceeds 30% in weight, the 
resin gelation time is delayed with the effect of creating favorable conditions for radicals’ 
diffusion. Furthermore, an increase in thiol concentration translates also in an increase in thyil 
radicals in the late stage of the polymer formation favoring what is known as the “dark 
reaction” [36]. Both of these phenomena are plausible explanations for the observed increase 
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in the minimum feature size in AcryS resins with thiol concertation larger than 40% in 
weight. 

It is well-known that at even low concentrations, thiols molecules are capable of 
accelerating the polymerization rate of several kinds of olefins [26]. In the case of 
(meth)acrylates, reduction of conversion times by an order of magnitude have been reported 
[27]. This aspect of thiol-ene networks photochemistry is particularly useful in applications 
where the photoinitiator concentration needs to be minimized, such as the fabrication of 
biocompatible structures and the curing of highly pigmented films. Enhancement of the 
polymerization rate is important in TPP also. Indeed, parts production in TPP is a serial 
process. Thus, any strategy that allows for writing microstructures faster is an important 
advancement in the field. Among the several physical and chemical methods used so far to 
increase writing speed in TPP, the development of efficient photoinitiators with large two-
photon cross-sections is certainly the method that has produced the most outstanding results 
[37]. 

 

Fig. 3. (a) TPP writing critical speed dependence on the concentration of multifunctional thiol 
molecule used in resins. The red line is a linear regression. (b) SEM images of representative 
micro-gear structures used to extrapolate critical speeds for three of five resins used in this 
study (scale bars 20 µm). The images in each row represent microstructures fabricated out of 
the same material but with different writing speeds. The weight percentages on the top left 
images are the concentrations of the multifunctional thiol molecule used in the three resins (see 
Visualization 1). 

To determine the effect of thiols concentration on the writing speed when performing 
TPP, we measure the critical speed for five different resins. The critical speed is defined as 
the maximum speed at which fabrication of a microstructure occurs without the presence of 
mistakes (either during the writing or the developing step). A micro-gear is chosen as the test 
design because of the complexity of its topology. At a fixed laser average power of 20 mW, a 
series of micro-gears are fabricated using faster and faster writing speeds. 
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The test is repeated with resin Acry and resins AcryS with a multifunctional thiol 
molecule concentrations ranging from 10% to 40% in weight. Each measurement is repeated 
at least three times to ensure repeatability. The results are plotted in Fig. 3(a), where a 
remarkable increase in TPP writing speed is observed. As the concentration of thiol molecules 
in the AcryS resin increases, a consistent increase in the critical speed id observed too. The 
presence of 40% by weight of the multifunctional thiol molecule in the acrylic resin is 
capable to boost the critical speed from 1 mm/s to 25 mm/s. Representative SEM images of 
the micro-gears used in the critical speed test are shown in Fig. 3(b) for three of the resins. 
The failed microstructures obtained when using writing speeds higher than the critical speed 
are shown for the Acry resin where, at speed of 10 mm/s and 15 mm/s, incomplete and 
deformed micro-gears are formed. A video illustrating the difference between TPP writing 
speeds in Acry and AcryS resins is provided in the Supplementary Information. 

3.2. Physical and mechanical properties 

The mechanical properties of polymers generated by the photopolymerization of thiol-ene 
mixtures have been studied extensively [38]. Since these resins can produce highly uniform 
crosslinked networks with reduced internal stresses and reduced overall shrinkage, they have 
found applications in the formation of high-energy absorbing materials and in the UV curing 
of thin films [39]. In these cases, photopolymerization is typically carried up with a flood 
light illumination. Although microfabrication by TPP is performed using a diametrically 
opposite excitation procedure (point-by-point), one will still expect to see some benefits in the 
physical and mechanical properties of TPP microstructures when using thiol-ene mixtures. 

To explore whether or not this assumption is correct, we study the difference in the 
material stiffness between TPP microstructures created with the Acry resin and with the 
AcryS resin containing, in weight, 30% of the multifunctional thiol molecule. Five suspended 
bridges with different lengths ranging from 40 µm to 120 µm are fabricated by TPP in each 
resin. The polymeric bridges are formed using multiple laser passes with line-to-line and 
layer-to-layer separations of 200 nm, resulting in a 5 x 2 µm2 cross section. Writing 
conditions for microfabrication are 25 mW and 5 mm/s for the laser average power and 
writing speed, respectively. SEM images of these microstructures are shown in Fig. 4(a). 
With the exception of the two shortest ones, the bridges made from the Acry resin present 
ample physical deformations. By contrast, all the bridges made from the AcryS resin survived 
unaltered the developing step. 

Encouraged by the qualitative results obtained in the previous test, we embark in a more 
systematic study of the mechanical properties of TPP microstructures using this time 
nanoindentation. The sample employed in this set of measurements consists of a solid 
polymeric box 20 µm long, 20 µm wide and 10 µm tall. With equal writing conditions (laser 
average power of 25 mW and writing speed of 100 µm/s), the test samples are fabricated by 
TPP using a series of resins from Acry to AcryS with varied concentrations of the 
multifunctional thiol molecule. The results of the nanoindentation measurements are shown in 
Fig. 4(b), where the reduced Young’s modulus (Er) and hardness (H) of the TPP 
microstructures are plotted versus the concentration of thiol in the resins. Both Er and H 
increase steadily with increasing thiol concentration with a maximum effect achieved in the 
AcryS resin containing, in weight, 30% of the multifunctional thiol molecule. In this range, Er 
and H experience a 2.6- and 3-fold enhancement, respectively. However, this trend is 
reversed almost completely when the thiol concentration in the AcryS resin becomes larger 
than 30%, with Er and H plunging to values similar to the ones measured for the Acry resin. 

From the results collectively shown in Fig. 4, it is evident that microstructures prepared 
using resins based on acrylate-thiol mixtures are stronger than microstructures prepared using 
pure acrylic resins. Therefore, TPP applications that require the construction of rigid 
architectures will benefit by using AcryS resins. The results from Fig. 4 point out also to the 
fact that an excessive amount of multifunctional thiol molecules in the AcryS resins has the 
opposite effect on the mechanical properties of TPP microstructures, and that is to make them 
softer. This outcome, which is observed also in polymers generated by the UV curing of the 
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same resins, stems from two characteristics of thiol-ene mixtures polymerization [40]. The 
first characteristic is the generation of a larger number of polymer chains with reduced 
average molecular weights as the concentration of thiol molecules increases in the resin. The 
second characteristic is the strengths of the atomic bonds found within the final polymer 
network. Since the energy of the C-S bond is lower (272 kJ/mol) than the energy of the C-C 
bond (346 kJ/mol), increasing the concentration of thiol molecules in the AcryS resins has the 
net effect of producing polymer with larger concentration of C-S bonds, thus creating weaker 
and more flexible polymers. 

 

Fig. 4. (a) SEM of micro bridges fabricated by TPP using the Acry resin (top image) and the 
AcryS resin (bottom image) containing 30% in weight of the multifunctional thiol molecule. 
(b) Reduced Young’s modulus (Er) and Hardness (H) values retrieved from TPP 
microstructures built from resins containing varied concentration of the multifunctional thiol 
molecule. SEM of the test microstructure used in the nanoindentation measurements is shown 
in the figure’s inset (scale bar 10 µm). 

While multifunctional acrylates are commonly used in TPP resins because they produce 
highly cross-linked and thus rigid polymer networks, their polymerization is accompanied by 
a considerable amount of shrinkage. This phenomenon is quite adverse when high fidelity in 
the reproduction of a complex structure is required, since it produces undesirable distortions. 
Several strategies have been implemented in TPP to overcome this drawback. They include 
structure design precompensation, implementing solid support frames, and using sol-gel 
organic-inorganic hybrid technology for developing novel resins [16,41,42]. The latter 
method is the easiest to implement and delivers the most consistent results. One strategy not 
yet investigated for reducing polymerization shrinkage in TPP is the use of thiol-ene 
chemistry. 

It has been shown that the polymerization of (meth)acrylates by UV curing proceeds with 
limited shrinkage when thiol molecules are added to the resin mixture [25]. The shrinkage 
associated with the polymerization of (meth)acrylates is 22-23 cm3/mol per reacted double 
bonds, while it is between 12 and 15 cm3/mol in the case of thiol-(meth)acrylate 
polymerization [43]. To confirm this improvement imparted by the use of thiol molecule in 
(meth)acrylate resins in TPP also, we fabricate a series of microstructures with resins 
containing different amount of the multifunctional thiol molecule. The test structure consists 
of a 16-layer woodpile with rod-to-rod and layer-to-layer distances of 2.5 µm and 0.8 µm, 
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respectively. The structures are all made using 8 mW laser average power and 20 µm/s 
writing speed. The percentage of shrinkage (PS) is extrapolated by measuring the length 
difference between the top and bottom layers of the woodpile structure. Figure 5 shows that 
the shrinkage of the Acry resin is around 18%. As the concentration of the multifunctional 
thiol molecule in the AcryS resins reaches 10% in weight, the shrinkage of the microstructure 
drops of more than half from its original value to around 6%. A further increase in the thiol 
concentration produces only a minor improvement, with shrinkage approaching 4% at a 
multifunction thiol molecule concentration of 40% by weight. 

 

Fig. 5. Shrinkage of a woodpile microstructure fabricated by TPP using acrylic resins with 
different concentrations of multifunctional thiol molecule. The data is fitted to an exponential 
decay (red line) to guide the eye. A SEM image of the test microstructure with the definition of 
percentage of shrinkage (PS) used in this study is shown in the inset. 

3.3. Raman and fluorescence characterization 

In the previous two sections, we highlighted the fabrication improvements achieved when a 
multifunctional thiol molecule is added to a standard acrylic-based resin employed in TPP. 
These improvements are a direct consequence of the chemistry involved in the thiol-acrylate 
polymerization. Specifically, cross-linked networks are rapidly generated with an onset of the 
gel state that occurs only at high degree of monomers conversion. Therefore, thiol-acrylate 
resins produce polymer with a more uniform distribution of cross-linking and with larger 
degree of conversions than their pure acrylate counterparts. Several reports have shown the 
usefulness of Raman microspectroscopy in characterizing the chemical changes occurring in 
resins during TPP [33,34,44]. Here, we exploit the same technique to evaluate the degree of 
conversion obtained with Acry and AcryS resins. 

The samples for Raman characterization include a series of solid boxes with dimensions 
of 20 µm x 20 µm x 10 µm fabricated by TPP using 10 mW of laser average power and a 
writing speed of 20 µm/s. Measurements are performed on samples made from the Acry resin 
and from AcryS resins containing a concentration in weight of the multifunctional thiol 
molecule from 1% to 40%. The radial and axial hatching spacing implemented in the 
formation of each box are chosen accordingly to obtain the same filling ratio in all 
microstructures. Raman spectra of TPP microstructures produced under these conditions from 
the Acry resin and from AcryS resins containing 10%, 20%, 30%, and 40% in weight of the 
multifunctional molecule are plotted in Fig. 6(a). We focus our attention in the spectral region 
between 1550 cm−1 and 1800 cm−1. In this section of the fingerprint region, three distinct 
Raman peaks are presents that are useful in understanding the polymerization chemistry of 
the resins involved in this study. The peaks at 1630 cm−1 and 1720 cm−1 are ascribed to the 
vibrational modes of the olefin and carbonyl moieties, respectively. While the first one 
derives exclusively from the multifunctional acrylate, the second peak receives contributions 
from the vibrations of the carbonyl groups present in the acrylic monomer and the thiol 
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molecule. Since both resin components have the same functionality (4), the number of 
carbonyl groups present in any of the Acry or AcryS resins remains always the same, 
independently of the mixing ratios. The third peak at 1600 cm−1 is ascribed to the ring 
vibration mode of the photoinitiator. 

 

Fig. 6. Raman spectra of TPP microstructures fabricated using the Acry resin and AcryS resins 
with different concentrations of the multifunctional thiol molecule. Each peak is label with the 
chemical moiety responsible for that vibration mode. (b) Degree of conversion (left) and 
fluorescence (right) of TPP microstructures as a function of thiol concentration. The black and 
blue lines are drawn only to guide the eye. 

The carbonyl groups in either the acrylate monomer or the thiol molecule do not 
participate in the polymerization reaction and, consequentially, their number remains the 
same. This observation is confirmed in Fig. 6(a) where the spectra of five polymers show 
intensities for their corresponding 1720 cm−1 peak that are almost identical with each other 
(the small variations measured in the peak position are most certainly due to variations in the 
local chemical environments). During radical polymerization of acrylic monomers, 
carbon/carbon double bonds are consumed over time creating carbon/carbon single bonds. It 
is through these newly formed bonds among monomers that the polymer is formed. The 
spectra in Fig. 6(a) show a clear contraction in the intensity of the peak related to the 
monomer carbon/carbon double bond with the increase of the thiol concentration. Although 
part of this trend is due simply to a lower concentration of the acrylic monomer in the initial 
resin, the magnitude of the carbon/carbon double bond signal decline in Fig. 6(a) can be 
explained only by taking into consideration the role of the multifunctional thiol molecule in 
the resin polymerization. Because of the generation of thyil radicals, the polymerization of 
thiol-acrylate resins proceeds with overall larger monomers conversion than the 
polymerization of acrylate resins. Thus, we expect a lower and lower intensity for the 1630 
cm−1 peak as the concentration of thiol increases. 

To quantify this observation, we measure the polymer degree of conversion (DC) as it 
occurs during TPP for the Acry and the AcryS resins in function of thiol concentration. A 
detail description of the methodology employed to extrapolate DC values from TPP 
microstructures’ Raman spectra can be found elsewhere. Briefly, for each mixture, the Raman 
spectra of the unpolymerized and polymerized resins are collected using the same excitation 
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and collection conditions. For the polymerized resin, TPP microstructures as the ones used for 
producing the graphs in Fig. 6(a) are employed. DCs are calculated using the integrated 
intensities of the olefin and the carbonyl peaks measured for the resins and the polymers. 
Since the number of carbonyl groups in the resins remain the same during polymerization, the 
peak at 1720 cm−1is used as an internal reference. The decrease in the number of 
carbon/carbon double bonds in the resins mixed with the multifunctional thiol molecule is 
accounted for in the DC findings. The results are shown in Fig. 6(b). Under the writing 
conditions employed for TPP (10 mW, 10 µm/s), the Acry resin has a DC that is barely over 
10%. Instead, with the same TPP writing conditions, the AcryS resins acquire DCs that grow 
rapidly with the increase of thiol concentration in the resin. Only 10% in weight of the 
multifunctional thiol molecule produces a polymer DC of 30%. A plateau of the DC at around 
60% is observed for thiol concentrations larger than 20% in weight. This outstanding 
augmentation of polymer DC is accredited to the combination of step-growth and chain 
growth processes that develops in the TPP of thiol-acrylate resins. 

 

Fig. 7. SEM and TPM images of micro-cars fabricated by TPP (LUT shown in far right). The 
numbers in the fluorescence images reflect the thiol concentration in the Acry and AcryS 
resins employed for this experiment (scale bars: 10 µm). 

While acquiring the data for the aforementioned study, we notice that the Raman 
background signal tend to diminish with increasing concentration of the multifunctional thiol 
molecule. Since the nature of this background signal is polymer autofluorescence, we 
characterize it by means of two-photon induced fluorescence microscopy, in brief two-photon 
microscopy (TPM). We first fabricate by TPP a series of test structures from the Acry resin 
and from AcryS resins with thiol concentration by weight of 10%, 20%, 30%, and 40%. All 
the microstructures are produced with identical writing conditions. Then, fluorescence cross-
sections of these microstructures are recorded by TPM. Figure 7 displays the SEM of the test 
sample; it consists of the reproduction of a Formula 1 car having tires no more than 2 µm 
wide. Furthermore, fluorescence cross-sections of the TPP microstructures created from the 
different resins are shown in Fig. 7. As the LUT on the right of this Figure shows, the 
fluorescence signal decrease substantially as the thiol concentration increases. To quantify 
this effect, the integrated fluorescence intensity (in relation to the images in Fig. 7) is plotted 
in function of the resin thiol concentrations in Fig. 6(b). Fluorescence from TPP 
microstructures follows an evolution with increasing thiol concentration that is diametrically 
opposite to the one measured for the microstructures DC. While fluorescence signal is the 
largest for the Acry resin, it decreases rapidly for AcryS resins reaching a minimum when the 
thiol concentration by weight is 20%. 

Because of the long excitation wavelengths and the relative low intensities used for 
excitation, the most probable cause for the polymer autofluorescence is the photoinitiator. 
Subsequent to light absorption, the photoinitiator undergoes a homolytic cleavage forming 
two reactive radicals that start the polymerization process. Therefore, the photoinitiator is 
consumed during radical photopolymerization. This aspect of the resins polymerization is 
visible in the Raman spectra of Fig. 6(a). The polymers with larger concentration of the 
multifunctional thiol molecule present the smallest signals for the 1600 cm−1 peak. Since the 
vibrational mode that generates this peak is characteristic of the photoinitiator only, this data 
suggests that photoinitiator concentration is depleted in a larger extend in the AcryS resins 
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than in the Acry resin during TPP. Hence, the fluorescence trend observed in the polymeric 
microstructure and plotted in Fig. 6(b). 

4. Conclusion

We have investigated the use of thiol-acrylate resins in TPP. Because of the numerous 
advantages the thiol-ene chemistry impart to the mechanism and the results of 
photopolymerization, we have studied in a comparative way the difference between a pure 
acrylic resin and a series of resins with varied amounts of a multifunctional thiol molecule. 
Many TPP performances are improved when thiol-acrylate resins are used. In particular, we 
measure stronger polymers, and we observe better writing conditions such as a wider dynamic 
range for usable laser average powers and larger fabrication speeds. Finally, polymer DCs are 
measured by Raman microspectrometry proving that the improvement of the mechanical 
properties of TPP microstructures when using thiol-acrylate resins is due to larger monomer 
conversion. 
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