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Two-Photon Polymerized Shape Memory Microfibers:  
A New Mechanical Characterization Method in Liquid
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Two-photon polymerization (TPP) is widely used to create 3D micro- and 
nanoscale scaffolds for biological and mechanobiological studies, which often 
require the mechanical characterization of the TPP fabricated structures. To 
satisfy physiological requirements, most of the mechanical characterizations 
need to be conducted in liquid. However, previous characterizations of TPP fab-
ricated structures are all conducted in air due to the limitation of conventional 
micro- and nanoscale mechanical testing methods. In this study, a new experi-
mental method is reported for testing the mechanical properties of TPP-printed 
microfibers in liquid. The experiments show that the mechanical behaviors of 
the microfibers tested in liquid are significantly different from those tested in 
air. By controlling the TPP writing parameters, the mechanical properties of 
the microfibers can be tailored over a wide range to meet a variety of mecha-
nobiology applications. In addition, it is found that, in water, the plasticly 
deformed microfibers can return to their predeformed shape after tensile strain 
is released. The shape recovery time is dependent on the size of microfibers. 
The experimental method represents a significant advancement in mechanical 
testing of TPP fabricated structures and may help release the full potential of 
TPP fabricated 3D tissue scaffolds for mechanobiological studies.
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nanoscale structures such as microfluidic 
chambers,[12] 3D tissue scaffolds,[3–8] cel-
lular mechanical interrogators,[9–11] and for 
in vivo implantation,[12] providing a suite 
of toolboxes for studying cell mechanobi-
ology in 3D.[13] Complex 3D structures can 
be fabricated by selectively polymerizing 
photoresists at the focus of a femtosecond-
laser, with the ability to produce features 
of less than 100  nm.[14] Besides the high 
resolution, these 3D extracellular environ-
ments can be synthesized with tailored 
mechanical properties, such as stiffness, 
and topographic characteristics, such as 
porosity, roughness, and adhesion pro-
pensity.[15] Coupling this with excellent 
biocompatibility of the TPP resins and 
precision surface functionalization,[5,16] 
TPP-printed scaffolds enable the study of 
a host of cellular behavior, such as 3D cell 
migration,[5–7] cancer cell invasion,[4,17,18] 
3D cell extracellular matrix adhesion,[19,20] 
and stem cell differentiation.[21–23] They 
have also been increasingly used to 

measure forces generated by single cells,[9,10] affording a new 
frontier in mechanobiology.

Studying cellular behavior in 3D environments requires 
knowledge of the mechanics of the scaffolds in liquid and 
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1. Introduction

In recent years, two-photon polymerization (TPP), or direct 
laser writing, has been widely used to create micro- and 
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under physiological conditions.[10,13] This knowledge plays a 
crucial role in the quantification of cell mechanical behaviors 
during cellular interaction with the scaffolds and in guiding 
the selection of TPP writing parameters to generate scaf-
folds with desired mechanical behavior.[13] However, previous 
mechanical studies on TPP-printed structures were carried 
out in air, due to the limitations of conventional micro- and 
nanoscale mechanical testing methods.[24–30] For instance, 
tensile testing of TPP-printed beam-like structures and nano-
wires has been performed in air using a conventional micro-
electro-mechanical systems -based tensile tester,[26,30] yielding 
a Young’s modulus of a few GPa for an IP-DIP (a proprietary 
photoresist from Nanoscribe GmbH) nanowire with a diameter 
of a few hundred nanometers.[26] These values are an order of 
magnitude higher than reported from a lone mechanical char-
acterization of Ormocomp performed in liquid with atomic 
force microscope (AFM) indentation.[10] This large discrepancy 
in measured Young’s moduli lends support to the development 
of a liquid-based mechanical characterization method. In addi-
tion, mechanical properties of the TPP-printed structures vary 
significantly among a large selection of TPP materials, such 
as acrylates,[20,31] SU-8 resins,[2] and hydrogels,[32–34] and their 
mechanical properties can be significantly modified in the pres-
ence of liquid. Moreover, the choice of writing parameters for 
polymerization, i.e., laser intensity and writing speed, intro-
duces additional variabilities to the mechanical properties of 
the resulting scaffolds.[26,30,35] Finally, a liquid-based mechan-
ical characterization method enables quantitative examination 
of 4D printed microstructures during their shape-morphing 
process. 4D printing refers to shape-morphing 3D printed 
structures,[36] and it has been realized in cellular scaffolds.[37] 
One of the major environmental stimuli that induce shape-
morphing is water content, along with temperature, light, and 
force interactions.[36] Therefore, a precisely defined mechanical 
testing method in liquid for TPP-printed structures is strongly 
warranted.

In this contribution, we report a new method for the 
mechanical characterization of the mechanical properties of 
TPP-printed microfibers in liquid environment. The method 
utilizes two TPP-printed movable plates for actuation and force 
sensing, which are mechanically coupled by microfibers printed 
in between and supported by vertical flexible beams. The stress–
strain relationship of the microfiber is obtained by applying a 
displacement with a controlled rate to the actuation plate and 
evaluating the resulting displacement of the sensing plate. 
With these stress–strain characterizations, we show that the 
Young’s moduli of the TPP-printed microfibers are significantly 
reduced in liquid as compared to values obtained in air. More-
over, we show that the mechanical behavior of the microfibers 
can be tailored by controlling the TPP writing parameters, i.e., 
laser intensity and writing speed. In addition, the viscoelastic 
behavior of the microfiber is characterized using tensile tests at 
different strain rates. Further, a size-dependent shape memory 
effect was observed on the microfibers. Plastically deformed 
microfibers can recover their pre-deformed shapes in water 
but not in air. To the best of our knowledge, this is the first 
time the mechanical properties of TPP printed fibers are char-
acterized in liquid using tensile testing. The reported use of a 
two-step TPP process can be adopted to perform mechanical 

characterization of a wide spectrum of biomaterials, including 
those designed in complex structures, in liquid conditions. This 
provides a pathway for reaching the full potential of TPP fabri-
cated 3D scaffolds for mechanobiology studies.

2. Results and Discussion

2.1. A Microscale Tensile Testing (µTT) Device Fabricated by TPP

As shown in Figure 1a, fabricated from a two-stage TPP pro-
cess, the microscale tensile testing device consists of two 
independent and horizontally movable testing structures with 
top stages supported by “A-shaped” vertical trusses at the 
bottom. The first structure is called the actuation structure. It 
is actuated by a piezo-controlled AFM through the connection 
between a pillar printed on top of the stage and a hole on the 
AFM probe. The other is termed the sensing structure. The 
microfibers to be tested are printed between the top stages 
of the actuating and sensing structures, coupling the two 
together.[9] When a displacement is applied to the actuating 
structure, the force is transmitted through the microfiber to 
the sensing structure, causing a deflection. By calibrating the 
horizontal stiffness of the sensing structure, the force acting 
on it is determined, while the relative displacement of the two 
stages defines the strain in the fiber (illustrated in Movie S1, 
Supporting Information). The tensile testing process and 
derivation of the stress-strain relationship are detailed in Sec-
tion  2.2. Such µTT devices and microfibers are sequentially 
fabricated using a two-step TPP process. In the first step, the 
testing stages and the supporting truss are fabricated from a 
proprietary resin, IP-S (Nanoscribe GmbH) with DiLL (Dip-in 
Laser Lithography). For DiLL, a high numerical aperture 
objective was dipped into a photoresin and a femto-second 
laser beam was focused within the resin, allowing an aber-
ration free polymerization of the resin (Figure  1b). The pho-
toresins consist of a base monomer and photo-initiator. The 
region where the pulse reaches focus and the volumetric 
photon-density is high enough to initiate a radical based 
polymerization reaction is known as the voxel. The TPP fab-
rication process is highly complex and dynamic. The mecha-
nisms and processes have been explored both theoretically 
and experimentally.[27,38,39] The intense laser pulse initiates 
a radical that induces local polymerization within the pho-
toresist and a number of printing parameters can affect the 
mechanical behavior of TPP printed structures. In this study, 
we focused on two key parameters: laser power and writing 
speed, and studied their effects on the mechanical behavior of 
the microfibers (in Section 2.3).

The testing devices were produced by scanning through 
voxels in a layer-by-layer fashion on top of an optically trans-
parent silicon substrate. Next, the microfibers to be tested 
are fabricated using a second round of TPP processing 
(Figure  1c,d). After development and removal of un-cross-
linked IP-S resin, the structures from the first step were then 
immersed in another type of printing material, IP-Visio, to 
produce the microfibers that connect the two stages using 
TPP. IP-S demonstrates superior writability and mechanical 
strength, making it suitable for the fabrication of a consistent 
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and defined structure used for the testing device. IP-Visio is a 
proprietary resin from Nanoscribe, with significantly reduced 
light absorption after polymerization. This provides better 
imaging quality that makes it an excellent candidate for cellular 
scaffolds.[40] It has recently attracted wide interest, especially 

when biological imaging is required. Both IP-S and IP-Visio are 
acrylate-based resins (see monomer and photo initiator infor-
mation in the Experimental Section), ensuring that the bonding 
of the microfibers to the testing device is sufficiently strong for 
the tensile tests.

Adv. Funct. Mater. 2022, 2206739

Figure 1. A µTT platform to perform tensile testing of TPP-printed microfibers. a) The illustration shows the µTT platform with two A-shaped vertical 
beams bridged by microfibers. b) Illustration of the DiLL process to induce polymerization at the laser focus (i. monomer crosslinking; ii. polymeriza-
tion laser parameters: laser wavelength, λ, pulse duration, τpulse, refraction angle, θ, laser waist, rλ, refractive index of the photoresist, ηPR, numerical 
aperture, N.A.) c,d) The illustrations show a two-stage dip-in TPP process for a layer-by-layer fabrication of the µTT platform, where (c) shows the writing 
of the IP-S based vertical beams and (d) shows the writing of the IP-Visio testing fibers in-between. e) Scanning electron microscope (SEM) image of 
the fabricated structure arrays after the two-stage TPP. Scale bar: 250 µm. f) SEM image of the fabricated IP-S platform (colored in blue) bridged by the 
IP-Visio fiber (colored in green). The vertical sensing and actuation beams are 280 µm in height and 15 µm in thickness; and the microfiber is 20 µm in 
length. Scale bar: 100 µm. g) The stiffness of the sensing beam is calibrated using AFM based force-displacement curves for both air (dark blue curve) 
and water conditions (light blue curve). The inset shows the diagram and the optical image of the AFM probing process (scale bar: 100 µm). Data is 
fitted to obtain the stiffness (air-fit, water-fit). h–j) The calculated stiffnesses of the sensing beam in air and water are shown for beams with thickness 
of 15 µm (Sample size: air n = 13, water n = 15), 10 µm (air n = 16, water n = 21), and 2 µm (air n = 120, water n = 75).
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The final structures, consisting of the testing device and 
microfiber specimens, were examined in a scanning electron 
microscope (SEM) (Figure 1e,f). Figure 1e shows the arrays of 
fabricated structures, enabling high throughput tensile testing 
of a large number of specimens with similar and varied param-
eters. In the fabrication process, the laser power, the laser 
writing speed, and the geometries of the microfiber and testing 
device can be tailored. All testing structures in the array are 
printed consistently, for all arrays. The fiber parameters varied 
within an array. In Figure  1e, parameters remain consistent 
across each column, but are varied by each row. It is worth 
noting that we observed higher laser power and slower writing 
speed correlated to increased fiber cross-section area of fibers 
designed with the same nominal dimension, as measured from 
SEM images of IP-Visio fibers (Figures S1 and S2, Supporting 
Information).

The stiffness of the sensing structure, k, was calibrated 
using AFM. Briefly, a tip-less cantilever probe with a calibrated 
stiffness, kp, was used to apply a force, FAFM, to a sensing stage 
(Figure  1g, inset i, diagram and ii, experiment image). From 
the AFM force versus displacement data, the stiffness of the 
structure could be determined (Figure 1g; details in Figure. S3, 
Supporting Information, and Supporting Information Sec-
tion S2). The calibration was performed in both water and air 
conditions. As expected, the stiffness obtained from air condi-
tions are higher than that from the water condition. For the 
testing device used throughout the study, which has a height 
of 280 µm and beam thickness of 15 µm, the measured stiff-
nesses were found to be 77.5  ±  13% N  m−1 and 42.1  ±  15% 
N m−1 under air and water conditions, respectively (Figure 1h). 
It is worth mentioning that the stiffness can be tailored by 
varying the height and thickness of the vertical “A-shaped” 
truss to test fibers of different tensile properties. For instance, 
structures with a decreased beam thickness of 10 µm resulted 
in a stiffness of 37.4 ± 13% N m−1 and 18.7 ± 9% N m−1 in air 
and water, respectively (Figure  1i); and structures with 2  µm 
beam thickness resulted in a stiffness of 0.21  ±  10% N  m−1 
and 0.05 ± 17% N m−1 in air and water, respectively (Figure 1j; 
details in Tables  S3 and S4, Supporting Information). These 
AFM experimental calibrations were verified using a theoret-
ical model and a 150× scaled up beam structure (Supporting 
Information Section S2). It is noted that we consider the vis-
coelasticity of the thick vertical IP-S beam to have minimal 
influence on the measured force and stress during the tensile 
test. This is mainly due to the large size and high Young’s 
modulus value of the vertical IP-S beams used in the study. 
Our stress relaxation tests, performed using an AFM probe 
holding a constant displacement on top of the vertical beam, 
show a relatively small relaxation over a period of 240 s com-
pared with that of the IP-Visio sample (Figure S3c, Supporting 
Information).

2.2. Method of Tensile Testing in Water

The entire tensile testing setup, including the testing device and 
the sample along with the AFM probe (attached to the actuation 
stage with a pin-hole connection), can be completely immersed 
in liquid to perform tensile tests. The displacement applied to 

the sample is controlled by the AFM that has a sub-nanometer 
resolution. The displacements of both stages and the defor-
mation of the microfiber during tensile loading, as shown 
in a typical sequence in Figure  2a, are analyzed using digital 
image correlation (DIC). The force acting on the microfiber is 
obtained from the sensing stage of the testing device. Given the 
stiffness (k) and displacement (δ) of the sensing stage, the force 
is calculated by F = kδ. Then, the nominal stress is calculated 
by dividing the force by the original cross-section area obtained 
from SEM images. For strain calculation, by strategically set-
ting the DIC grids (blue square windows in Figure  2a), the 
difference between the bottom line of the top grid and the top 
line of the bottom grid was used to define the device strain, εD 
(details in Supporting Information Section 3). In addition, the 
green line extracted by image processing overlaid on top of the 
fiber images in Figure 2a traces the length change of the fiber 
throughout the entire test. This tracing process produces the 
calculated strain resulting from the fiber length change, or the 
fiber strain εf.

The working principle of the testing device can be further 
explained by using a representative experiment described in 
Figure  2a (Movie  S2, Supporting Information). In this experi-
ment, a microfiber is deformed in three consecutive steps. 
First, it is uniaxially stretched by pulling the actuation stage 
with a pre-defined displacement d, yielding an elongation ΔL, 
from L0 to L, of the microfiber and a displacement δ on the 
sensing stage, as shown in Figure 2b. Then, the displacement 
d is held constant to allow stress relaxation of the microfiber. 
Finally, the microfiber is unloaded with a retraction of the actu-
ation stage. Based on the equilibrium and compatibility condi-
tions, the relationship between the displacements of the actua-
tion and sensing stages can be written as 1

d k

ksδ
= + , where k is 

the beam stiffness of the supporting truss and ks is the axial 
stiffness of the testing sample (details in Supporting Informa-
tion Section S2.3). When k ≫ ks and d ≫ δ, the tensile test can 
be approximately considered as displacement controlled. In 
Figure 2b,c, the variations of d and δ are plotted as a function 
of the loading time. The actuation stage is first pulled to 20 µm, 
accompanied by a maximum displacement of 2.2 µm on the 
sensing stage. During the hold, the displacement of the sensing 
stage exhibits an exponential decay due to the stress relaxa-
tion of the microfiber. During unloading, the retraction of the 
loading stage results in buckling of the microfiber, as shown 
in Figure 2a. Interestingly, the buckled microfiber can recover 
its original shape when submerged in water over a period of 
a few minutes. This shape memory effect is further explained 
in Section 2.4. The shape buckling and recovery lead to the dif-
ference of the fiber strain (εf) and device strain (εD) as shown 
in Figure 2d. The stress–strain curve obtained from the test is 
plotted in Figure 2e, which shows a typical nonlinear relation-
ship of polymeric materials. Note that the stress–strain relation-
ship is dependent on the strain rate due to material viscosity. 
In addition, the viscoelastic behavior is characterized by the 
stress relaxation during the hold (Figure 2c inset). The charac-
teristic relaxation time, τ, can be obtained by fitting the stress–
time curve with the 1D standard linear solid model, namely, 

exp0
t

Bσ σ
τ

= −



 + , where σ0 is the amplitude of relaxation and B 

is the residual stress in microfibers.
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Figure 2. Tensile tests on IP-Visio microfibers to obtain the stress-strain relationships. a) A representative sequence of a tensile test consisting of 
images obtained during the phases of stretch, hold, return, and recovery. The DIC method works by tracking the dumbbell pattern (blue rectangle), 
the edge of the structure (red line), and the fiber itself (green). b) Displacement of the actuation structure of the µTT, d, for a set of experiments. Inset 
shows the overview of the experimental parameters. c) This curve shows the displacement of the sensing structure, δ, represented by the left y-axis. 
The force is found from the displacement, F = kδ, and is represented by the right y-axis. d) The curves show the experimental strains throughout the 

experiment. The blue curves represent the device strain, 
0

d
L

Dε δ= −
, defined by the difference between the forcing structure displacement, d, and the 

sensing structure displacement, δ, over the initial length, Lo. The strain measured by the deformation of the fiber, fiber strain εf, and represented by the 
green line, captures the fiber deformation. e) Averaged stress versus strain curve of the full experiment. The curve is colored to represent the different 
parts of the experiment, Stretch, Hold, Return, and Recovery. The stretch and hold portions are obtained from the device strain, while the Return and 
Recovery portion is obtained from the fiber strain.
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2.3. Mechanical Properties of TPP-Printed Microfibers from 
Tensile Testing

In this section, we show that the mechanical properties of 
microfibers tested under water are dramatically different from 
those tested in air, and more importantly the properties can be 
tuned by controlling 3D printing parameters. To validate our 
method, we first performed tensile tests on a microfiber made 
of IP-S resin that has a known modulus from literature. In 
addition, we also measured the modulus of the same IP-S resin 
using nanoindentation. The average modulus value of IP-S in 
air is 2.0 ± 1.0 GPa (Figure 3a; Figure S6, Supporting Informa-
tion), which is in the same order as values obtained from our 
nanoindentation experiment using a conical tip (Figure  S6, 
Supporting Information) and the value reported in the lit-
erature.[35] We expect the tensile testing method to yield more 
accurate mechanical property data.

With fixed printing parameters, we first compared the 
mechanical properties tested in air to those tested in water. As 
shown in Figure 3a,b, the Young’s moduli and yield strengths 
measured in water are significantly smaller than those meas-
ured in air for both IP-S and IP-Visio. The average reductions 
for IP-S and IP-Visio are respectively 38% and 67% in Young’s 
moduli and 48% and 73% in yield strength.

We then conducted the tensile tests on microfibers printed 
with IP-Visio resin at different laser powers, writing speeds, 
and designed cross-section dimensions. The experimental data 
shows that the Young’s moduli can be tuned over a range of 
a few hundred MPa by controlling the printing parameters, 
indicating a high degree of tunability. A higher laser writing 
power results in increased Young’s modulus and yield strength 
(Figure  3c). It is noted that microfibers with larger cross sec-
tions (3 µm ×  2 µm compared with 2 µm ×  1 µm) show both 
higher stiffness and yield strength (Figure  3d), indicating a 
denser crosslinking on the larger samples. As writing speed 
increases from 10 to 20 mm s−1, the modulus value is found to 
be nearly halved, and a similar trend is found for yield strength 
(Figure 3e).

The viscoelastic behavior of the microfibers has been illus-
trated from the stress relaxation shown in Figure  2c. Here, 
the viscoelasticity is further characterized using the tensile 
experiments conducted at three different displacement rates: 
0.2, 2, and 20  µm  s−1 in water, corresponding to a strain rate 
of 0.01, 0.1, and 1 s−1, respectively. A strain rate dependency is 
observed and shown in Figure 4a. Both Young’s modulus and 
yield strength increase at higher strain rate, accompanied by 
a decrease in relaxation time, showing typical polymer viscoe-
lastic behavior. To study strain–rate dependent fracture, we 
next conducted a set of tensile experiments with varying dis-
placement rates on fibers fabricated with a lower laser power 
and higher writing speed (Figure  4b). Here, we saw a strong 
relationship between strain rate and fracture behavior of the 
microfiber, with higher strain rates leading to fiber fracture at 
lower strain levels (Figure  4c). It is noted that the difference 
in crosslinking is supported by the SEM imaging of fractured 
microfiber cross-sections: IP-Visio exhibited a porous fracture 
surface, as compared to a smoother surface of IP-S (Figure 4d,e; 
Figure  S7, Supporting Information). Based on these charac-
terization results, a constitutive model for the TPP polymer 

can be developed and used for mechanics simulations of TPP 
structures in the future. In the conventional polymer models, 
the parameters related to fabrication or processing polymers 
are not considered as model variables. However, given the 
high sensitivity and tunability of TPP polymers to the printing 
parameters, more advanced constitutive models that involve the 
key printing parameters are expected for the convenience of 
applications.

The observed trend in mechanical properties of microfibers 
consistently hold for other different combinations of writing 
parameters and strain rates (Figures  S8 and S9, Supporting 
Information). The same can be said for IP-S (Figures S10 and 
S11, Supporting Information). It is noted that IP-S and IP-Visio 
have the same monomer structure but were crosslinked by dif-
ferent photo-initiators, which result in different degrees of con-
version and thus different mechanical properties. IP-Visio, with 
lower degrees of conversion, yields smaller modulus and yield 
strength. Furthermore, the fabrication process for IP-Visio was 
sensitive to parameters that were not necessary to consider in 
the IP-S prints. This resulted in larger batch-to-batch variations 
of the IP-Visio fibers compared with IP-S fibers (Figures  S12, 
S13, Supporting Information).

There have been reports showing correlations between 
mechanical properties of TPP materials tested in air and 
printing parameters.[26,30] For example, a previous study showed 
a linear relationship between the measured Young’s modulus 
and the laser writing power.[17,41] By contrast, our tests con-
ducted in water show that such correlation is stronger than a 
linear relationship (Figure 3c,ii), indicating that this correlation 
may be amplified by ionic interactions between the polymer and 
water. This degree of tunability gives researchers a wide range 
of control over the mechanics of materials used for cellular 
scaffolds, which can be tuned to mimic the mechanics of target 
cells or tissues.[18] For instance, the study of neurons requires 
a scaffold with a Young’s modulus of less than a few MPa,[11] 
while the study of epithelial cells may need a scaffold with a 
Young’s modulus of a few GPa.[4] Using our testing platform, 
more nuanced changes due to different levels of crosslinking 
conversion during TPP can be quantified in future works.[30]

2.4. Shape Recovery of TPP-Printed Microfibers During Tensile 
Testing

It has been shown in Section 2.2 that the microfiber tested in 
water can recover its original shape from a buckled state. This 
shape memory effect is further explored in this section. First, 
we show that the microfiber tested in air does not exhibit shape 
recovery. Like the previous experiment, the microfibers are first 
stretched in air by pulling the actuation stage to a set displace-
ment of 20 µm, followed by an immediate retraction to its initial 
position (Figure 5a, inset i and ii). Upon return, the microfiber 
is buckled (Figure. 5a, inset iii). The deformation resulted in a 
fiber strain of ≈0.45, while device strain returned to be close to 
0 (Figure. 5a, inset vii). After 1 h in air, the fiber maintained a 
constant buckled shape and strain (Figure  5a, inset iv). Water 
was then introduced to the dish containing the fiber specimen 
and the structure substrate. Interestingly, the introduction of 
water initiated a fiber shape recovery, where the fiber returned 

Adv. Funct. Mater. 2022, 2206739



www.afm-journal.dewww.advancedsciencenews.com

2206739 (7 of 12) © 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

to its original straight shape (Figure  5a, inset v and vi). This 
is consistent with the experimental observation described in 

Section  2.2 and confirmed the effect of water on the shape 
recovery. It was hypothesized that the hydrogen bonds formed 

Adv. Funct. Mater. 2022, 2206739

Figure 3. Tensile tests and Young’s moduli of IP-S and IP-Visio microfibers with different writing parameters in air and water show tunability of their 
mechanical properties. For each experiment: Stress-strain curves i), Young’s modulus ii), and yield strength iii). Labels: Writing Power, Writing Speed, 
Design Dimension, Condition, Displacement Rate, Displacement Distance. a) IP-S by stretching the fiber with a displacement of 20 µm in both air 
(n = 3) and water (n = 3) conditions. b) IP-Visio by stretching the fiber with a displacement of 10 µm and 20 µm in air (n = 3) and water (n = 3) condi-
tions, respectively. c–e) IP-Visio in water with different writing parameters. Panel (c) shows the data from fibers with different laser power during writing 
(70% (n = 3), 80% (n = 3) and 90% (n = 3)). Panel (d) shows the data from fibers with different designed writing cross-sections (1 × 2 µm2 (n = 3) and 
3 × 2 µm2 (n = 3)). Panel (e) shows the data from fibers with different writing speed (20 mm s−1 (n = 3) and 10 mm s−1 (n = 3)).
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by the diffusion of water molecules into the polymer network 
were responsible for the shape memory effect. To confirm this 
hypothesis, acetone, an aprotic solvent, was added to a fiber 
specimen that had been previously strained and restored to its 
original shape in water conditions, and then dried. Interest-
ingly, the fiber underwent a reversal of the shape memory and 
returned to its deformed, buckled shape. Due to the miscibility 
between water and acetone, it is possible that the water mole-
cules previously diffused into the fiber were partially or com-
pletely removed from the fiber, leading to the reversal of the 
shape memory effect. The subsequential removal of the acetone 
and submersion in water then brought back the shape recovery. 
(Figure S14, Supporting Information). Moreover, it is found that 
the shape recovery time is dependent on the cross-section of the 
microfibers. The microfibers with a cross-section of ≈0.7 µm2 
showed a recovery time of less than 120  s. In contrast, fibers 
with a cross section of ≈7.2 µm2 exhibited a recovery time of 
25 min (Figure 5b). Fitting the strain data with a time-constant 
equation, we show that the time constant increases monotoni-
cally with fiber cross-section following roughly an exponential 
relationship (Figure 5c).

To further demonstrate the smaller fiber’s ability to rap-
idly recover, the fiber was stretched, allowed to recover, and 
stretched again. Figure  5d shows the fiber strain evolution 
during the repeated tensile test on a fiber with 0.74 µm2 cross-
section. The fiber was first stretched to over 90% strain and the 
strain was held for 60  s to allow stress relaxation (Figure  5e). 
The device strain was then returned to 0%, creating a buckle 
in the fiber. This process was repeated four times and repeated 

strain recovery was observed following each stretch test. A 
recovery time of about 74 s was observed for the first cycle and 
was reduced to ≈50  s in the fourth cycle (Figure  5g, vi). The 
peak stress level decreased from 14 MPa in the first stretch to 
≈10.5 MPa at the fourth stretch (Figure 5e). Energy dissipation 
was also observed for the consecutive straining from the stress–
strain relationship (Figure 5f). As expected, calculated Young’s 
modulus and yield strength also decreased from the deforma-
tion-induced fiber damage (Figure  5g, i, ii). Interestingly, the 
relaxation time during consecutive holding periods also showed 
a decreasing trend (Figure 5g, iii). The experiment was repeated 
for multiple pulling and recovery cycles and the result for the 
mechanical characteristics stands (Figure  S15, Supporting 
Information).

Shape memory in polymers has been extensively studied in 
literature,[42,43] and most recently in TPP printed polymers.[44,45] 
In general, the cross-linked shape memory polymer network 
consists of two segregated components: netpoints and mole-
cular switches. The netpoints are the hard segments such as the 
covalent bonds between polymer chains, which hold the shape 
of the polymer, while the molecular switches are the switch-
able segments.[42] At ground state, the switchable segments are 
polymer chains relaxed around the netpoints. When external 
load is applied, the switchable segments are elongated and 
can be settled at a different morphology, resulting in a shape 
change. Beyond a critical transition temperature, the switchable 
segments become flexible and provide entropic elastic behavior, 
which can drive the polymer to its original relaxed state. This 
critical transition temperature is usually higher than room 

Adv. Funct. Mater. 2022, 2206739

Figure 4. Strain rate effect on measured stress-strain curves and mechanical properties of the fiber. a) Stress-strain curves (i) as well as Young’s 
modulus (ii), yield strength (iii), and relaxation time (iv) collected under different displacement rates (0.2 µm/s (n = 3), 2 µm/s (n = 3), and 20 µm s−1 
(n = 3)) on fibers with the same dimension and fabricated with the same set of writing parameters. b) Stress-strain curves of varied strain rate experi-
ments which resulted in failure. c) Fracture strain versus strain rate evaluation of experiments which resulted in failure. d,e) SEM images of IP-Visio 
fibers produced under the same conditions. The control fiber, which was not tested (d), and a fiber which was strained to failure (e). Inset of (e) displays 
a zoomed in cross section image of the failure point, showing a rough fracture surface. Scale bar: d) 10 µm, e) 10 µm, inset of (e) 500 nm (*p < 0.05).
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temperature, such as recently demonstrated in TPP printed 
microstructures.[45] However, it is possible to lower the tem-
perature to room temperature by diffusion of low molecular 
weight molecules into the polymer, such as water in our case, 
which works as a plasticizer.[46] In our experiments, water mole-

cules diffuse into the microfiber, forming hydrogen bonds with 
the polymer chains, which increases the chain dynamics and 
results in the shape recovery. Understanding these recovery 
dynamics is crucial for the design of 4D printed materials for 
probing cellular behaviors.[36,47]

Adv. Funct. Mater. 2022, 2206739

Figure 5. Shape recovery of IP-Visio microfibers after strains are applied and released. a) Strain evolution of the shape recovery in air (red) followed by 
the addition of water (blue). Inset plot (vii) shows the device strain and beam strain during the stretch-return (the first 45 s). Inset images (i–vi) show 
the fiber strain and recovery of the strain with addition of water. b) The strain recovery for microfibers with three different cross-sections (7.2, 4.4, and 
0.7 µm2, with test images in inset i, ii, and iii) and the fit (dashed line) to obtain the recovery time constant (τ). c) The scatter plot shows the correla-
tion of the fiber cross-section area and τ calculated in b (n = 74). d–f) Strain (d) and stress (e) evolution and stress–strain relationship (f) during the 
four stretch-recovery tests. g) Calculated Young’s modulus (i), yield strength (ii), relaxation time (iii), and recovery time (iv).
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3. Conclusion

TPP-printed polymeric structures offer unique properties as cel-
lular scaffolds that enable a wide spectrum of biological studies. 
In this paper, a new experimental method is developed for the 
characterization of the mechanical behavior of TPP-printed 
structures in liquid, a more physiologically relevant environ-
ment. The method is demonstrated on TPP printed micro-
fibers as a model study. It is found that the Young’s moduli and 
yield strength of the microfibers are significantly reduced in 
liquid as compared to values obtained in air, and the mechan-
ical behavior can be tailored over a wide range by controlling 
the TPP printing parameters. In addition, a size-dependent 
shape memory effect on the microfiber is found in liquid but 
not in air. It is envisioned that both the tunable mechanical 
behavior and shape memory effect could have great potential 
in mechanobiology applications. Further, the experimental 
method presented here represents a significant advancement 
in mechanical testing of TPP fabricated structures and can be 
used to determine mechanical properties of 3D scaffolds in 
mechanobiology studies. It is noted that the proposed fabrica-
tion method is not limited to the microfibers. More complex 
structures such as 3D cellular scaffolds can be printed between 
the movable stages and tested in a similar way. For instance, we 
have shown that a log pile structure fabricated from IP-Visio 
can be tensile tested on the platform (Figure  S16, Supporting 
Information). Admittedly, it is most convenient to test TPP 
printed fibers and structures following a subsequent printing 
process. Fibers of other sources can be tested on the platform; 
in which case a micromanipulation process is needed to firmly 
attach the fibers onto the testing stage.

4. Experimental Section
TPP Fabrication: For this study µTT devices were 3D printed using a 

Photonic Professional GT tool (Nanoscribe GmbH). The µTT device was 
produced using commercially available photo resin IP-S monomer: (7,7,9 
(or 7,9,9)-trimethyl-4,13-dioxo-3,14-dioxa-5,12-diazahexadecane-1,16-diyl 
bismethacrylate; photo initiator: 4,4′-bis(diethyamino) benzophenone) 
(Nanoscribe GmbH). Once an array of structures was produced, the 
substrate was removed from the tool, developed in SU-8 developer 
(1-Methoxy-2-propyl acetate), rinsed with isopropanol and blow dried 
with a gentle stream of filtered nitrogen. Next, a drop (≈0.1 mL) of the 
material resin of interest (IP-Visio, monomer: 7,7,9(or 7,9,9)-trimethyl-
4,13-dioxo-3,14-dioxa-5,12-diazahexadecane-1,16-diyl bismethacrylate; 
photo initiator: phenyl bis(2,4,6-trimethylbenzoyl)-phosphine oxide) was 
deposited/placed onto the substrate with the structures printed during 
the first TPP step and the microscope objective of the TPP tool was 
again dipped into and focused within the resin. The previously printed 
structures were found and aligned, then the dumb-bell shaped fiber 
structures were printed on top of the existing structures. Both resins 
were acrylate based and bonding the IP-Visio dumbbell to the existing 
IP-S structure worked well. In the fabrication process, the laser power, 
the laser writing speed, and the CAD dimension of the fiber were varied 
(Table S1, Supporting Information).

AFM Stiffness Calibration: The TPP µTT device stiffness was 
calibrated using AFM. To calibrate the µTT device, the structures were 
printed onto a silicon chip mounted vertically in the sample holder of 
the TPP tool. The silicon chip was then flipped on its side and secured 
to another substrate, which produced horizontal structures compatible 
with AFM probes for force analysis. AFM force-displacement curves 
were then collected on the horizontal structures in air and in water. 

The detailed calibration process is described in Supporting Information 
Section S2.

SEM Imaging to Measure Fiber Dimension: The fiber structures for 
tensile testing were designed with a square shape and specified width 
and height parameters. Additionally, the laser writing speed and laser 
writing power were varied parameters in the writing of the tensile fiber 
structures. All the mentioned parameters proved to influence the cross-
section size of the fiber. To measure the beam cross section, control sets 
of prints were fabricated to evaluate the effect of the printing parameters. 
Furthermore, the final row of each testing column of the structure arrays 
were left un-stretched and used as control measurements for the tensile 
beams. SEM images were taken of the top view, and a side view with 45○ 
angle of the beams. From here, the corrected height of the beam was 
then calculated, and the cross section of the beam was found.

Tensile Testing Experiments: Experiments were conducted under an 
optical microscope and AFM setup. The view was in the plane of the 
structure platform, allowing for precise measurement of the structure 
displacements. An AFM cantilever probe was milled to have a hole 
using focused ion beam (FEI Helios FIB/SEM 660). The micro-structure 
substrate was placed onto a piezo-actuated nano-manipulator stage, 
and then the AFM is mounted on top of it. The AFM probe was then 
moved into place and hooked onto the peg of the platform. A horizontal 
displacement d and a displacement rate �d  were set, and the experiment 
was then initiated and recorded. Analysis was performed using DIC. 
It is worth mentioning that the Young’s modulus data is calculated by 
taking the first-order derivative of the linear portions of the stress-strain 
curves and yield strength is calculated as the 2% yield offset of the 
corresponding stress-strain curve (Figure S5, Supporting Information).

Digital Image Correlation for Data Processing: From the DIC, the set 
AFM displacement was used to calibrate the measurement through a 
pixel to micron conversion constant ratio. This was a found and averaged 
value used for all experiments (Table S5, Supporting Information). After 
finding the micron displacement, the force could then be extracted. 
Further, using the SEM fiber measurements, the associated stress could 
then be found. For strain, by strategically setting the grids, the difference 
between the bottom line of the top grid, and the top line of the bottom 
grid was used to find the length and the strain of the fiber. The DIC 
tracks three main features: 1) the dumbbell pattern, represented by the 
cyan box, 2) the edge of the structure, represented by the red line, and 
3) the fiber, represented by the green line (Figure  2a). Initially, grids 
were selected on top of the dumbbells and the edge of the structure. 
Then, during analysis, pixel manipulation, and pattern detection was 
used to first find and match the top and bottom dumbbell shapes 
and reset the grids. Next, the edge of the structure was found, and its 
relative position was compared to the grid. This allowed for the sub-
pixel resolution with analysis speeds of under a frame per second. Lastly, 
the fiber pattern was found. A fiber length calculation was produced for 
finding the deformations on the return of the structures to their initial 
positions. The discretized points of the beam were vectored into an 
absolute length measurement (further details in Supporting Information 
Section  S3). The complete code for DIC calculations to obtain the 
stress–strain relationship from recorded tensile testing images can be 
found at github.com/YangLabUNL.

Statistical Analysis: All data analysis and curve fitting were conducted 
using custom-written codes in MATLAB. The excluded outliers were 
defined as the values outside of the range [Q1  − 1.5(Q3  − Q1), Q3  + 
1.5(Q3  − Q1)], where Q1 and Q3 are the 25th and 75th percentile, 
respectively. The normality of each dataset was tested using Shapiro–
Wilk tests, and equality of variances was tested using F-tests. All 
data sets were normally distributed; therefore, the analysis method 
was chosen based on the equality of variances between groups of 
data. For analyzing groups of two, an independent sample t-test (for 
equal variances) and Modified t-tests with Welch correction (for unequal 
variances) were performed. For groups of 3, one-way ANOVA (for equal 
variances) and Welch’s ANOVA (for unequal variances) were used; then, 
to determine which differences between group means were statistically 
significant, Tukey (for groups with equal variances) and Games Howell 
(for groups with unequal variances) post hoc tests were conducted. 

Adv. Funct. Mater. 2022, 2206739
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Statistical analysis was performed in Origin Lab software. Datasets with 
p < 0.05 were considered to have significantly different means and are 
denoted by a single asterisk (*). Data sets with p < 0.01 and p < 0.001 
were highly significantly different and were denoted by double (**) and 
triple (***) asterisks, respectively. The edges of the box plots represent 
the 25th and 75th percentiles of the data, the line in the middle marks 
the median, and whiskers extend to include maximum and minimum 
values in the dataset.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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