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A B S T R A C T   

The hierarchical and anisotropic mechanical behavior requirement of load-bearing soft tissues limits the utility of 
conventional elastomeric materials as a replacement for soft-tissue materials. Liquid-crystal elastomers (LCEs) 
have the potential to excel in this regard owing to its unique combination of mesogenic order in an elastomeric 
network. In this study, the mechanical behavior of the LCEs relevant to load-bearing biomedical applications was 
explored. LCEs with different network orientations (i.e., mesogen alignments) were investigated by fabricating 
the LCEs with polydomain and monodomain configurations. The polydomain and monodomain LCEs with the 
same degree of network crosslinking demonstrated diverse mechanical behavior, ranging from highly stiff and 
elastic nature to high damping capacity, depending on the loading direction with respect to the network 
alignment. The LCEs were also capable of matching the anisotropic mechanical behavior of an intervertebral 
disc. Additional studies were conducted on the in vivo biological response of LCEs upon subcutaneous implan
tation, as well as on the effect of the exposure to an in vitro simulated physiological environment on the me
chanical behavior. The LCEs’ mechanical response was negligibly affected when exposed to biomedically 
relevant conditions. Furthermore, the solid and porous LCEs did not show any adverse effect on the surrounding 
tissues when implanted subcutaneously in rats. The biological response allows for tissue ingrowth and helps 
illustrate their utility in implantable biological devices. Finally, the utility of LCEs to mimic the mechanical 
function of biological tissue such as intervertebral disc was demonstrated by fabricating a proof of concept total 
disc replacement device.   

1. Introduction 

Liquid-crystal elastomers (LCEs) consist of stiff mesogenic molecules 
in a lightly crosslinked polymeric network (Donald et al., 2006; Fin
kelmann et al., 1981; Kularatne et al., 2017; Ohm et al., 2010; Warner 
and Terentjev, 2003). This unique structure gives LCEs the ability to 
demonstrate elastomeric mechanical behavior while possessing 
liquid-crystalline order. The rotation and alignment of the stiff meso
genic backbone allow the material to exhibit anisotropic mechanical 
behavior, while the scarce crosslinking permits the material to possess 
rubber-like elasticity. This coupling of properties gives LCEs many ad
vantageous attributes, including large energy dissipation capacity 
(Clarke et al., 2001; Merkel et al., 2019), shape-shifting actuation (Ge 
and Zhao, 2019; Yakacki et al., 2015), and birefringence (Ikeda et al., 
2007; Ware et al., 2015). LCEs have been proposed for engineering 
applications such as actuators (Li et al., 2012), soft robotics (Ge and 

Zhao, 2019; Shang et al., 2019), mechanical damping (Clarke et al., 
2001; Merkel et al., 2019), optical elements (Brannum et al., 2019; 
Varanytsia et al., 2015), and more. 

LCEs are often categorized into two broad groups, Polydomain and 
Monodomain, based on the mesogen orientation. These two groups have 
distinctly independent behavior, and both will be examined through the 
course of this study. The self-organizing nature of mesogens usually 
leads to LCEs with localized domains of ordered mesogens, i.e., poly
domain LCEs(Azoug et al., 2016; Traugutt et al., 2017; Urayama et al., 
2006; Yakacki et al., 2015). Despite the presence of local anisotropy, 
polydomain LCEs usually possess isotropic mechanical properties on the 
macroscale because the localized domains lack global alignment 
(Traugutt et al., 2017; Urayama et al., 2009). When the mesogens are 
aligned in a prescribed global direction, the LCE is termed to have a 
monodomain structure and will demonstrate true anisotropic behavior 
(Merkel et al., 2018; Weilepp et al., 1999). Various techniques, such as 
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the application of polarized light (Ware et al., 2015), magnetic fields 
(Buguin et al., 2006), substrate surface treatment (Li and Keller, 2006), 
and mechanical stretching (Beyer et al., 2007; Yakacki et al., 2015) have 
been utilized to align the mesogens. Additionally, the presence of sol
vent (Boothby et al., 2017; Traugutt et al., 2017), temperature (Beyer 
et al., 2007; Ro�zi�c et al., 2010), and timing (Kularatne et al., 2017) of the 
mesogen alignment during network formation plays a vital role in 
locking network in polydomain or monodomain order. Some synthesis 
schemes fabricate monodomain LCEs in a single step, and mesogens are 
aligned before the network is formed (Buguin et al., 2006; Thomsen 
et al., 2001; Ware et al., 2015). The approach used in the current work 
fabricates monodomain LCEs in two steps. Mesogens are first aligned 
when the network is partially cured, and then a second stage reaction 
occurs that completely cures the network and locks in the global 
alignment (Beyer et al., 2007; Finkelmann et al., 1981; Hiraoka et al., 
2008; Kularatne et al., 2017; Yakacki et al., 2015). 

In addition to traditional engineering applications, LCEs have been 
proposed for biomedical applications. These applications include arti
ficial muscles (De Gennes et al., 1997; Ikeda et al., 2007; Li and Keller, 
2006), porous tissue-engineering scaffolds (Gao et al., 2016; Martella 
and Parmeggiani, 2018; Pr�evôt et al., 2017; Sharma et al., 2015), 

interbody fusion cage (Volpe et al., 2019), drug delivery vehicle (Inoue 
et al., 2019), and vascular implants (Ferrantini et al., 2019; Nagahama 
et al., 2007). Regarding the physical and mechanical characterization of 
LCEs, the shape-shifting and actuation behavior of LCEs have most 
commonly been investigated. While a few studies have also reported on 
the unique damping capacity (Clarke et al., 2001; Merkel et al., 2019) 
and anisotropic behavior (Merkel et al., 2018; Weilepp et al., 1999) of 
LCEs, the potential application of this unique material in load-bearing 
biomedical applications has been largely overlooked. 

In biomedical applications, porous materials are often considered 
desirable as they promote cell-implant interaction, tissue growth, and 
mass transport between cells and their surroundings (Sharma et al., 
2015). A handful of recent studies introduced porous LCE material as a 
cell culture substrate and tissue engineering scaffold (Bera et al., 2015; 
Gao et al., 2016; Pr�evôt et al., 2018, 2017; Sharma et al., 2015). How
ever, these studies did not focus on the mechanical characterization of 
the porous material. While the properties of porous polymers, in general, 
are well understood (Avalle et al., 2001; Gibson and Ashby, 1982), it is 
unclear how the unique soft elasticity of LCEs will influence the behavior 
and warrants deeper investigation. 

Besides the requisite mechanical function, a potential biomedical 
implant must be created with a material that is compatible with the 
surrounding tissue upon implantation. Furthermore, the performance of 
both the material and the implant itself should not degrade after expo
sure to the biological environment. A few recent in vitro studies (Fer
rantini et al., 2019; Gao et al., 2016; Sharma et al., 2017) have reported 
on cytocompatible compositions of LCEs. Moreover, a previous study 
has demonstrated that LCE materials similar to those utilized in the 
current work are non-cytotoxic by utilizing evidence from MEM elution 
and direct contact tests (Yakacki et al., 2015). The research to be pre
sented investigated the in vivo subcutaneous response, and how the 
mechanical behavior of LCEs is affected by physiological conditions. 

Degenerative disc disease (DDD) is a widespread medical condition 
that affects hundreds of thousands of Americans and costs the healthcare 
system billions of dollars annually (Katz, 2006). Patients with DDD have 
their intervertebral disc (IVD) degraded, caused by injury or natural 
aging process (Cortes and Elliott, 2014). Traditionally, the course of 
treatment is to perform a spinal fusion. Interbody fusion cages make up 
over half of the total market size and are the most established method for 
treating disc degeneration; however, these procedures have a high 
complication rate (36.4%) and often require revision surgery (Chrastil 
and Patel, 2012). This procedure typically results in a significant 
reduction in pain at the cost of limited mobility (Huang et al., 2006) and 
adjacent level disease (Kim et al., 2012; Verma et al., 2013). Alterna
tively, a total intervertebral disc replacement (TDR) may be implanted 

in lieu of a fusion procedure such that maximum mobility and comfort 
are retained. Unfortunately, both approaches have high rates of subsi
dence and revision (Chrastil and Patel, 2012). Potential reasons for these 
high rates of revision include stress shielding due to the stiff materials 
typically used, migration of the implant, high mechanical stress, and 
surgical error in implant placement (Kim et al., 2012; Nasto and Log
roscino, 2016), (). The high stiffness also inhibits shock absorption 
across the plastic bearing segment, a crucial property of the IVD (Pham 
et al., 2015). This lack of energy dissipation across the implant can lead 
to loosening and premature device failure due to wear and damage 
(Hyde et al., 2017). It is thus highly desirable to design new implants 
that better mimic actual biological function, increase mobility, improve 
implant fixation, and ultimately decrease rates of revision. However, 
conventional elastomers are unable to adequately mimic the IVD due to 
IVD’s hierarchical structure and highly anisotropic mechanical behavior 
(Cortes and Elliott, 2014; Nerurkar et al., 2010). The IVD broadly con
sists of the Annulus Fibrosus and Nucleus Pulposus. The annulus fibrosus 
is the highly elastic outer region of the IVD, where the most prevalent 
constituent, collagen fibers, are circumferentially oriented. On the other 
hand, the nucleus pulposus is the inner gelatinous and viscoelastic core, 
where the collagen fibers are unorganized. The annulus fibrosus pro
vides structural rigidity while the nucleus pulposus allows cushioning 
between the vertebrae. Very broad range of mechanical properties of the 
intervertebral disc are reported in the literature (Cortes and Elliott, 
2014; Iatridis et al., 1997b; Nerurkar et al., 2010; Newell et al., 2017). 
The elastic modulus of the nucleus pulposus ranges between 0.05 – 0.1 
MPa, while the annulus fibrosus ranges from 0.1 to 1 MPa, depending on 
the health of the tissue and testing method (Nerurkar et al., 2010). The 
LCEs have been reported to show storage modulus in the similar range of 
0.1 – 2 MPa(Merkel et al., 2018; Saed et al., 2017; Traugutt et al., 2017). 
Additionally, the tan δ of the nucleus pulposus is in the order of 0.2 – 0.7 
(Iatridis et al., 1997b) and the LCEs are capable of showing tan δ of 
similar magnitude over a broad temperature range. Besides the similar 
extent of these mechanical properties, the anisotropic behavior of LCEs 
can potentially be utilized to devise a functional synthetic IVD. 

The driving hypothesis of this study is that the unique, and tailorable 
properties of LCEs make the class of materials a strong candidate for use 
in load-bearing biomedical applications and implants. In pursuit of this 
hypothesis, the investigation was guided by three fundamental 
questions.  

1. Is the mechanical behavior for LCEs relevant to load-bearing 
biomedical applications?  

2. What is the in vivo subcutaneous response of solid and porous LCEs, 
and how is the mechanical behavior affected by exposure to physi
ological conditions?  

3. Can the inherent anisotropy of LCEs be utilized to better mimic the 
actual biological function in a proof of concept, total disc replace
ment device? 

This study will attempt to elucidate answers to each of these ques
tions by examining the relevant properties of several groups of LCE 
materials: solid polydomain, porous polydomain, and solid 
monodomain. 

2. Materials and methods 

2.1. Synthesis methods 

This study employs a facile fabrication method developed by Yakacki 
et al. in order to create large polydomain and permanent monodomain 
LCE samples (Saed et al., 2016; Traugutt et al., 2017; Yakacki et al., 
2015). A polydomain LCE network with prominent soft elasticity is 
formed through Michael Addition reactions of a stoichiometric mixture 
of diacrylate mesogen monomers, di-thiol flexible spacers, and 
tetra-thiol crosslinkers. A permanent monodomain LCE is made from 
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bulk polydomain LCE with acrylate functional groups in excess of the 
stoichiometric amount. The polydomain LCE with excess acrylate is 
mechanically stretched to align the mesogens and subsequently made 
permanent by radical photopolymerization of the excess acrylate 
groups. Owing to the independence of Michael-Addition and radical 
photopolymerization, this fabrication scheme allows distinct control 
over the fabrication of both nematic polydomain and monodomain LCE 
samples. 

The LCE samples were synthesized using thiol-acrylate Michael 
addition and radical photopolymerization following a method 
adapted from literature (Merkel et al., 2019; Yakacki et al., 2015). 
Mesogen 1,4-Bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methyl
benzene (RM257) was purchased from Wilshire Technologies, Inc. 
(Princeton, NJ, USA). All other chemicals: bifunctional linear spacer 2, 
2-(ethylenedioxy) diethanethiol (EDDET), tetra-functional crosslinker 
pentaerythritol tetrakis (3-mercaptopropionate) (PETMP), base 
catalyst triethylamine (TEA), inhibitor 2,6-di-tert-butyl-4-methyl 
phenol (BHT) and photoinitiator 2-hydroxy-4’-(2-hydroxyethox
y)-2-methylpropiophenone (HHMP) were obtained from Sigma-Aldrich, 
Inc. (St. Louis, MO, USA). The chemicals were used as received from the 
vendors without further purification. 

In this study, LCE samples with two different domain configurations 
were fabricated: polydomain (PD) and monodomain (MD). For the solid 
polydomain LCE (PD-solid), the network was formed by a Michael 
Addition reaction between acrylate functional groups from RM257 and 
stoichiometric amounts of thiol functional groups, contributed by 
EDDET and PETMP (Fig. 1). The fabrication started with the melting of 
RM257 and BHT (1.5 wt. %) at 120 �C in a forced-air oven, followed by 
thoroughly mixing with EDDET, PETMP and TEA (Fig. 2). The amount of 
crosslinking was 15 mol%, indicating that 15% of all the thiol functional 
groups were contributed by the tetra-functional thiol crosslinker 
(PETMP). TEA was used as the catalyst for the reaction and BHT in
hibitor was used to control the reaction rate to allow enough time for 
casting the solution into molds. The BHT (1.5 wt. %) and TEA (0.33 wt. 
%) amounts were calculated with respect to the total amount of acrylate 
and thiol monomers. The LCE mixture was degassed under 22 in-Hg 

vacuum until all the dissolved air bubbles were removed and trans
ferred into molds made with glass slides separated by Teflon spacers. 
The Michael Addition reaction continued at room temperature for 12 h 
as the mesogens self-assembled into a nematic polydomain configura
tion. Opaque, solid polydomain LCE (PD-solid) film samples with di
mensions of 25 � 5 � 1 mm3, and cylindrical samples with 10 mm 
diameter by 10 mm height were fabricated. 

Porous polydomain LCE (PD-porous) samples were fabricated using a 
salt leaching technique by adding salt crystals to the LCE forming 
mixture (Fig. 2). NaCl salt crystals of 250–420 μm size were sieved (US 
standard sieve series, IL, USA) from mixed sized crystals obtained 
commercially (Sigma-Aldrich, Inc.). The LCE forming solution, prepared 
as described above for the solid polydomain material, was mixed with 
salt crystals at a 1:2 LCE to salt weight ratio using a stainless-steel mixing 
rod. The mixture was transferred to glass molds with Teflon spacers and 
allowed to react for 12 h at room temperature. The salt loaded poly
domain LCE samples were extracted from the molds and placed in an 
ultrasonication bath of deionized water (Branson 1510, Branson Ultra
sonics, CT, USA). The water was changed every 8 h until all the salt 
particles were dissolved. The porous polydomain samples were dried in 
a forced-air oven at 100 �C for 3 h, followed by additional drying in a 
vacuum oven at 70 �C for 3 h. Porous polydomain film samples with 25 
� 5 � 2 mm3 dimensions and cylindrical samples with 10 mm diameter 
by 10 mm height were fabricated. 

The solid monodomain LCE samples were fabricated using a slightly 
different composition than the solid polydomain material. All mono
domain samples were fabricated using 5% in excess of the stoichiometric 
amount of acrylate functional groups relative to the thiol groups, and a 
photoinitiator (0.5 wt. % of total acrylate and thiol-containing mono
mers) was added to the reaction mixture. The Michael Addition reaction 
took place at an elevated temperature (100 �C), well above the isotropic 
transition temperature, such that mesogens were randomly oriented 
while the LCE network was curing and no localized domain structure 
was present. The reference isotropic transition temperature was taken 
from reports by other researchers for very similar LCE chemistries 
(Traugutt et al., 2017). After the polymer network was fully cured, the 

Fig. 1. The chemical structure of the liquid crystalline elastomer (LCE) constituents shown schematically. Diacrylate-mesogen (RM257), dithiol-flexible chain 
(EDDET), tetrathiol-crosslinker (PETMP) are reacted via Michael-addition reaction with base catalyst (TEA) and inhibitor (BHT) to obtain polydomain LCE. In order 
to make monodomain LCE, photoinitiator (HHMP) is added for subsequent radical polymerization of unreacted acrylate functional groups. All chemicals purchased 
from commercial suppliers and used in as-received condition. 
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LCE sample was cooled to room temperature. The cooling allowed the 
mesogens to reform to a nematic polydomain configuration, which was 
optically opaque. Critically, the sample had excess unreacted acrylate 
functional groups. To force the monodomain state, the solid sample was 
mechanically stretched until it became transparent, termed as clearing 
strain, indicating the global alignment of the mesogens. This state was 
temporary until exposure to 365 nm wavelength ultraviolet light 
(Blackray B-100A/R, UVP, Upland, CA, USA) for approximately 1 h. The 
ultraviolet irradiation decomposed the photoinitiator to initiate radical 
photopolymerization, and the excess acrylate functional groups reacted 

with each other to fix the stretched shape. This process resulted in a 
permanent monodomain LCE (Fig. 3). The solid monodomain samples 
were cut either parallel or perpendicular to the mechanically stretched 
direction, i.e., the direction of mesogen alignment. The solid mono
domain samples were fabricated exclusively to study the anisotropic 
mechanical behavior of LCEs. Monodomain samples for mechanical 
testing were termed as “longitudinally” loaded (where loading direction 
is aligned with the mesogen orientation) or “transversely” loaded 
(where loading direction is perpendicular to the mesogen orientation) 
monodomain samples (appearing as “MD-long” or “MD-trans” in the 

Fig. 2. Schematic diagram describing the fabrication methods for solid and porous polydomain LCE samples. The RM257, EDDET, PETMP, TEA, BHT and HHMP are 
mixed together and then heated to start the Michael Addition reaction. The mixture is poured into a Teflon mold and kept either at room temperature for the nematic 
genesis of polydomain materials (PD), or 100 �C for the isotropic genesis of monodomain materials (MD). In order to create porous LCE, salt crystals are added to the 
mixture early in the process, and ultimately dissolved out in the water after curing of the network has completed. 

Fig. 3. Schematic diagram of monodomain solid LCE fabrication. Polydomain solid LCE sample with unreacted acrylate functional groups is stretched to clearing 
strain and photopolymerized with photoinitiator (HHMP) and UV light to create monodomain solid LCE fixed at the stretched shape. 

R.K. Shaha et al.                                                                                                                                                                                                                                



Journal of the Mechanical Behavior of Biomedical Materials 107 (2020) 103757

5

corresponding figures). Monodomain film samples with dimensions of 
either 25 � 5 � 0.85 mm3 or 8 � 8 � 8 mm3 were prepared. 

2.2. Physical characterization 

Porous polydomain samples were scanned using a 3D X-ray micro
scope equipped with two-stage magnification technology (Xradia 520 
Versa, Carl Zeiss Microscopy, LLC, Jena, Germany). Cylindrical samples 
were placed on a rotating stage and projection X-ray images were ac
quired from various orientations. The samples were scanned using 0.4X, 
4X and 20X objectives, to obtain images with 12 μm/voxel, 3 μm/voxel 
and 0.74 μm/voxel resolutions, respectively. The raw images were 
processed using Dragonfly Pro software provided by the microscope 
manufacturer to obtain porosity, 3D views and 2D sectional views. The 
porosity of porous polydomain samples was also measured by 
comparing the densities of the solid and porous materials. The mass and 
physical dimensions were measured for three samples each of the porous 
and solid polydomain materials. The density was calculated as the ratio 
of the mass and volume and the porosity was subsequently calculated 
using the following equation. 

Porosity¼
�ρs  ρp

ρs

�

� 100%   

ρs: Density of solid LCE 
ρp: Density of Porous LCE 

The wettability of both solid and porous polydomain LCEs, and solid 
monodomain LCEs was assessed by measuring the static water contact 
angle. The samples were cleaned with isopropyl alcohol for 30 s in an 
ultrasonication bath, followed by additional cleaning in deionized water 
for 5 min. The cleaned samples were dried in a vacuum oven at 70 �C for 
3 h and allowed to cool to room temperature in airtight petri dishes. The 
surface wettability was measured using a drop shape analyzer (DSA25, 
Kruss GmbH, Hamburg, Germany). Film samples were placed on a 
horizontal stage and a 2 μl droplet of ultrapure water (Milli-pore Direct- 
Q, MilliporeSigma, MA, USA) was dispensed onto the sample surface 
through a 23-gauge needle. The profile of the sessile droplet was imaged 
within approximately 60s of dispensing using the equipped camera and 
a circle was fit to the droplet profile. The contact angle was measured as 
the angle between the water-sample surface and the water-air surface. 
For each type of LCE, approximately ten measurements were recorded. 

2.3. Mechanical testing 

Uniaxial tensile tests were performed on all samples (solid and 
porous polydomain, monodomain tested longitudinally and trans
versely) using a dynamic mechanical analyzer (DMA Q800, TA In
struments, New Castle, DE, USA). Solid polydomain samples with 
dimensions of 25 � 5 � 1 mm3, porous polydomain samples with di
mensions of 25 � 5 � 2 mm3 and solid monodomain samples with di
mensions of 25 � 5 � 0.85 mm3 were held isothermal for 5 min at 37 �C 
before loading to ensure thermal equilibrium. A preload of 0.01 N was 
applied to remove any slack in either the samples themselves or the load 
train. Samples were loaded at a strain rate of 1%/s up to 120% strain. 

To complement the tensile testing, compression testing was per
formed on all groups of samples (solid and porous polydomain and 
monodomain tested longitudinally and transversely). Solid and porous 
polydomain materials were tested using cylindrical samples with 10 mm 
diameter � 10 mm height. Monodomain materials were tested using 
cubic samples with dimensions of 8 � 8 � 8 mm3. All samples were 
preloaded to 0.05 N to ensure positive contact with the compression 
platens. Samples were held isothermal for 10 min at 37 �C before loading 
to ensure thermal equilibrium. All compression tests were performed at 
a constant strain rate of 1%/s on a second dynamic mechanical analyzer 

with a higher maximum load capacity (ElectroForce 3200, TA In
struments, New Castle, DE, USA), than DMA Q800. 

Compression testing was also performed on human intervertebral 
disc (IVD) samples obtained from a donor cadaver (75yr, female). 
Approximately 10 mm � 10 mm intervertebral disc samples were ob
tained from the nucleus pulposus (tissue at the inner core), and annulus 
fibrosus (tissue at the outer region) (Cortes and Elliott, 2014). The 
samples were tested in ambient conditions and loaded at a moderate 
strain rate of 2.5%/s using the ElectroForce DMA 3200. In order to 
directly compare with the intervertebral disc, additional compression 
tests were duplicated for LCE materials. Solid polydomain LCE, and 
longitudinally and transversely loaded monodomain LCEs were tested at 
identical test temperature and loading rate as the IVD samples. The 
porous polydomain LCE was not considered as a candidate material to 
mimic IVD due to their much lower stiffness compared to their solid 
counterpart, as observed in the initial compression tests. Therefore, 
additional compression tests were not conducted on the porous LCEs for 
comparison with the IVD. 

The damping behavior of solid polydomain samples was studied 
under dynamic shear loading using the DMA Q800. This type of test was 
selected so that results could be directly compared with literature data 
for the nucleus pulposus reported by Iatridis et al. (1997a). A standard 
configuration for polymer shear testing was utilized involving two 8 � 8 
� 4 mm3 samples sandwiched between an actuated plate at the middle 
and fixed plates on the outsides. The resulting sample and test fixture 
configuration was fixed-plate/sample/moving-plate/sample/fixed-plate 
sandwich. A 10% compressive strain was applied to each sample by 
adjusting the fixed plates to ensure no slippage during shear loading. An 
oscillating shear strain of 0.15% was applied at various frequencies 
between 0.01 Hz to 100 Hz while the viscoelastic damping parameter 
tan(δ) was tracked by the instrument. The strain amplitude was selected 
from preliminary experiments such that the sample deformation was 
limited to the linear viscoelastic region. 

For all mechanical testing, the force and displacement were tracked 
by the testing instrument, and engineering stress and strain were 
calculated using the original sample geometry. Before any subsequent 
testing of same sample, samples were heated beyond the isotropic 
transition temperature (100 �C), and then allowed to cool back to 
ambient such that any residual deformation from previous tests was 
recovered. 

2.4. Testing for exposure to physiological conditions 

The mass gain of solid polydomain samples was investigated, as the 
representative LCE material, by exposure to simulated physiological 
conditions. The porous LCE was excluded from the mass gain study as 
the porous samples would trap a much larger amount of water compared 
to the absorbed amount, hence would make the measurement irrelevant. 
Three solid polydomain films with approximately 25 � 5 � 1 mm3 di
mensions were weighed and then left submerged in phosphate-buffer 
saline (PBS) solution. The PBS solution had a pH of 7.4, prepared by 
dissolving one tablet (P4417, Sigma-Aldrich) in 200 mL distilled water. 
The submerged samples were kept at 37 �C and shaken at 60 rpm using a 
shaker table-incubator (Biomega Incu-Shaker Mini, Benchmark Scien
tific, NJ, USA). The samples were taken out after different soaking du
rations, and the current mass was recorded before placing the samples 
back into a fresh PBS solution. The mass gain was calculated using the 
following equation. 

Mass gain¼
mf  mi

mi
� 100 %   

mi: Initial mass 
mf : Mass on a corresponding day 

In order to study the effect of exposure to physiological conditions on 
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the mechanical behavior, solid polydomain samples soaked for 21 days 
were also tested in uniaxial tensile loading. The soaked samples were 
removed from the 37 �C PBS solution immediately before testing and 
held isothermal at 37 �C for only 2 min to minimize dehydration. The 
preload and strain rate were same as the tensile testing of the pristine 
samples. However, contrasting with the pristine samples, the soaked 
samples were held at 37 �C for at least 24 h in PBS solution before any 
subsequent testing of same sample to recover any residual deformation, 
while the possibility of dehydrating the samples is minimized. 

The effect of water mass gain on creep behavior was also investigated 
for solid polydomain LCE samples, before and after soaking. Creep tests 
were performed on 25 � 5 � 1 mm3 samples using the DMA Q800 by 
rapidly applying a force and then holding that force constant for 5 min 
while tracking the strain as a function of time. The creep response of 
pristine polydomain samples, and samples soaked for 21 days, was 
compared at stresses of 25 kPa and 100 kPa. All tests were performed at 
body temperature (37 �C) after samples reaching thermal equilibrium. 

2.5. In-vivo biocompatibility testing 

To investigate one aspect of biological compatibility, solid and 
porous polydomain LCE materials were subcutaneously implanted in 
rats. Semi-circular discs of 12 mm diameter were obtained from 1 mm 
thick solid, and 2 mm thick porous polydomain films. The samples were 
cut in half to form a semicircle shape, then sterilized in an autoclave 
before subcutaneous implantation on the chest of three male Sprague 
Dawley rats 5–6 weeks in age. One animal had four implants (two solid 
and two porous polydomain samples), while the other two animals had 
only two implants each (one solid and one porous). The animals were 
euthanized, and samples removed after four weeks. The recovered 
samples were stained with Hematoxylin-Eosin (H&E) staining and Ma
son’s trichrome staining (Sigma-Aldrich, St. Louis, MO). The images 
were obtained with the Axio Observer Z1 microscope (Carl Zeiss, Jena, 
Germany) and captured using the Axio Vision software (Carl Zeiss Micro 
Imaging, Thornwood, NY, USA). 

3. Results 

3.1. Physical characterization 

Initial characterization of the relevant materials included measures 
of porosity and wettability. Porosity was assessed utilizing X-ray mi
croscopy; images of a representative porous polydomain sample are 
illustrated in Fig. 4. Light gray areas of the images indicate dense ma
terial, while dark gray areas indicate pores. The pore structure and 
distribution are representative of an open cell interconnected porous 
network. The size of the pores was reflective of the size of salt crystals 
used (250–420 μm), while the shape of the pores was irregular, and no 
global alignment was observed. The porosity of the LCE sample was 
estimated at 54%, calculated using the X-ray microscope instrument 
manufacturer’s image processing software. 

Porosity was additionally calculated using traditional gravimetric 
methods. The average density of solid polydomain LCE was 1252 kg/m3, 
while the average density of porous polydomain LCE was 568 kg/m3. 
The resulting calculated porosity was 55%, in very close agreement with 
measurements made using X-ray imaging. 

The wettability of solid and porous polydomain LCE materials and 
solid monodomain LCE materials was determined by measuring the 
static water contact angle. The average water contact angle for solid 
polydomain samples was 84.3�, while the average contact angle for 
porous polydomain samples was 85.2�. The solid monodomain samples 
showed an average water contact angle of 87.3�. These water contact 
angles indicate that all materials are slightly hydrophilic. 

3.2. Mechanical behavior 

The mechanical response of LCEs can be generally classified into 
three distinct modes of deformation. The mechanisms for each of these 
subsequent modes are most readily apparent in solid polydomain ma
terials loaded in tension (Fig. 5). The initial response of the applied 
tensile load is nearly linear elastic. This is commonly attributed to 
polymer chains sliding and uncoiling, similar to traditional elastomers. 

Fig. 4. Three-dimensional X-ray microscopy image of porous polydomain LCE shows the dispersion and shape of the pores. The dissolved-out salt crystals left a 
continuous network of voids in the material with thin and discontinuous LCE struts. The images were obtained at three different magnifications: 12 μm/voxel, 3 μm/ 
voxel and 0.74 μm/voxel. The volume fraction of the pores was measured to be 54%. 
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The second mechanical response initiates beyond a critical stress; this 
deformation mode results in a large plateau region often termed soft 
elasticity. Within this regime, the microscopic domains of locally 
aligned mesogens rotate in response to the applied load. Ultimately, the 
domains continue to rotate until global alignment is achieved, effec
tively resulting in a non-permanent monodomain structure. The rotation 
of these mesogen domains allows the material to deform at a nearly 
constant stress resulting in very efficient energy absorption and dissi
pation. The final, and subsequent mode of deformation is the elastic 
stretching of the fully aligned polymer network and monodomain 
structure. This results in monotonically increasing stress with further 
deformation until failure, mimicking the behavior once again of a con
ventional elastomer. 

The tensile and compressive behavior for both solid and porous 
polydomain LCE materials is depicted in Fig. 5. The solid material tested 
in tension clearly exhibits the three fully developed modes of deforma
tion defined in the previous paragraph. In compression, the solid ma
terial initially exhibits the same elastic response as the tensile behavior 
with an estimated modulus of 680 kPa. Beyond 2.5% strain, the tensile 
and compressive behaviors quickly diverge. In tension, bulk rotation of 
the mesogen domains toward the tensile axis results in soft elasticity 
indicated by a stress plateau. In compression, the mesogens tend to align 
with the plane perpendicular to the applied load. However, any soft- 
elastic effect due to mesogen reorientation is overshadowed by the in
crease in the cross-sectional area of the material, causing a rapid in
crease in modulus. 

The porous material, when compared to the solid material, is much 
softer in both tension and compression. The tensile and compressive 
behavior of the porous material is nearly identical for the first 20% of 
deformation with an estimated modulus of 75 kPa. In tension, the porous 
material deforms almost linearly with the load. This is contrary to the 
soft-elastic tensile response of the solid material and assumed to be a 
result of the collapse and stretching of the porous structure originating 
from bending and small deformation of the pore struts, rather than 
rotation of the mesogen domains. In compression, the porous material 
exhibits typical foam densification behavior beginning at approximately 
30% strain. 

The uniaxial mechanical responses for solid monodomain LCE sam
ples loaded both longitudinally and transversely, in tension and 
compression are represented in Fig. 6. Samples loaded longitudinally in 

tension, and samples loaded transversely in compression, demonstrated 
only linear stress-strain behavior; no soft-elastic plateau was present 
(Fig. 6a). In contrast, samples loaded transversely in tension, and sam
ples loaded longitudinally in compression both exhibit soft elasticity 
(Fig. 6b). This effect is most pronounced for the samples loaded trans
versely in tension, with a critical stress of approximately 160 kPa and a 
plateau region extending to nearly 110% strain. The soft-elastic effect 
was diminished in the samples loaded longitudinally in compression 
with a critical stress of approximately 60 kPa and extending to about 
25% strain. Samples loaded longitudinally in both tension and 
compression had an initial elastic modulus of 1,100 kPa. Samples loaded 
transversely in both tension and compression were stiffer, with an initial 
elastic modulus of 2,300 kPa. 

Fig. 5. Representative tensile and compressive mechanical responses for both 
solid and porous polydomain LCEs. Results show stiffer and stronger behavior 
under compression. Only the solid polydomain material loaded in tension 
exhibited a characteristic plateau associated with soft elastic behavior. All the 
samples were tested at 37 �C and 1%s-1. 

Fig. 6. Representative tensile and compressive mechanical responses for solid 
monodomain LCE loaded both longitudinally and transversely-a) Monodomain 
LCEs loaded longitudinally in tension and transversely in compression shows 
linear elastic behavior, and b) Monodomain LCEs loaded longitudinally in 
compression and transversely in tension demonstrated the soft-elastic effect. All 
the samples were tested at 37 �C and 1%s-1. 
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3.3. Response to physiological condition exposure 

The effect of simulated physiological conditions on the mechanical 
behavior of LCEs was investigated by uniaxial tension and creep testing 
before and after exposure. The mass gain of solid polydomain samples 
due to swelling was studied by submerging the material in a PBS solution 
held at 37 �C. The plot of the average sample mass gain against the soak 
time is shown in Fig. 7a. The mass increased approximately logarith
mically with respect to soaking time until reaching a steady-state value 
of about 2.5 wt. % after the first 4–5 days. 

The stress-strain curves for pristine and soaked solid polydomain 
LCEs loaded in tension are plotted in Fig. 7b. After 21 days of soaking, 
the overall tensile response of the soaked material compared to the 
pristine condition was not substantially different. However, the critical 
stress to initiate the soft-elastic effect slightly decreased from approxi
mately 65 kPa for pristine samples, down to 56 kPa for soaked samples. 

The creep response for the pristine and soaked solid polydomain 
LCEs was studied at two stress levels: 100 kPa and 25 kPa. These stresses 
correlate to values above and below the soft-elastic initiation stress, 
respectively, observed in tensile testing at 1%/s strain rate. The purpose 
of this scheme is to investigate the creep response with and without the 
influence of mesogen rotation in response to the applied stress. The first 
15 s of the creep strain as a function of time is plotted for both samples 
and stress levels in Fig. 7c. In all cases, the strain increased rapidly 
before reaching a steady-state value within the first 5 s of the test. At the 
25 kPa stress level, the creep behavior was virtually unchanged between 
the pristine and soaked samples. At the 100 kPa stress level, the soaked 
sample reached a slightly lower equilibrium strain. The pristine sample 
reached 85% strain while the soaked sample only reached 82% strain. 
For reference, during the quasi-static tensile test, 87% strain was 
measured at 100 kPa. Although the 100 kPa creep stress level was above 
the soft elasticity initiation stress, no observable deviation from a typical 
creep response stemmed from the mesogen alignment phenomenon. 

3.4. In-vivo biocompatibility 

The subcutaneous physiological response of solid and porous poly
domain LCE materials was studied by in vivo implantation in rats. 
Representative images of the implants upon removal and staining are 
found in Fig. 8. The H&E staining was used to study tissue infiltration, 
cellularity and structure into the pores and surrounding the material 
implants (Fig. 8a). Hematoxylin stained the nuclei of cells blue while the 
Eosin stained the extracellular matrix and the cell cytoplasm pink. 
Masson’s Trichrome staining was used to stain for fibrotic tissue around 
the material implant, with cytoplasm staining red, collagen staining 
blue, and nuclei black (Fig. 8b). The porous implant was surrounded on 
average by a 340 μm thick layer of fibrous tissue. Ingrowth of tissue into 
the porous structure of the scaffold was observed at an average depth of 
820 μm into the sample. In contrast, the solid implants had a much 
thinner layer of fibrotic encapsulation with an average thickness of 80 
μm; no tissue ingrowth could be observed. Neither the solid nor porous 
samples showed any obvious inflammatory response or noticeable 
swelling on the animal. 

3.5. Proof of concept total disc replacement device 

The properties of the LCE materials were compared to human 
intervertebral disc tissue (Fig. 9a). Both the annulus fibrosus and the 
nucleus pulposus exhibited behavior similar to a conventional elastomer 
and could be reasonably modeled by an exponentially increasing curve. 
At strains under 15%, the response is nearly identical. However, 
modulus of the annulus fibrosus increases rapidly with further defor
mation. When compared to the nucleus pulposus, the solid polydomain 
material exhibits strikingly similar compressive behavior, only 
diverging slightly at large deformations. The monodomain material 
loaded longitudinally also exhibits a compressive response similar to the 

Fig. 7. (a) Mass gain as a function of soaking duration in phosphate buffer 
saline solution for solid polydomain LCE samples. The mass gain reached an 
equilibrium of approximately 2.5 wt.% within approximately five days. (b) 
Representative tensile response of as-fabricated solid polydomain LCE and solid 
polydomain LCE soaked for 21 days. The samples were tested at 37 �C and a 
strain rate of 1%s-1. Solid polydomain LCE demonstrated similar mechanical 
behavior after soaking compared to the pristine condition. (c) Tensile creep 
tests of the as-fabricated and soaked solid polydomain LCE showed a nearly 
identical response. The selected creep stress levels were just below and just 
above the critical stress required to initiate soft elasticity. The tests were run at 
37 �C. 
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nucleus pulposus. Up to moderate strains, the soft-elastic plateau closely 
matches the stress-strain plot of the nucleus pulposus, but the modulus 
of the monodomain material increased at larger deformations. When 
compared to the annulus fibrosus, none of these LCE materials demon
strate identical behavior. However, the monodomain material loaded 
transversely showed reasonably similar response up to moderate strains 
of approximately 40%. 

Iatridis et al. had previously studied the damping behavior of the 
nucleus pulposus using a dynamic shear frequency sweep test and re
ported the damping parameter tan δ as a function of frequency (Iatridis 
et al., 1997b). Similar experimental data for solid polydomain LCEs was 
obtained and plotted against the literature data, as shown in Fig. 9b. In 
both cases, the damping parameter increases with frequency over the 
testing range. Furthermore, the damping behavior of polydomain LCE 
material is similar to the nucleus pulposus in both magnitude and 
apparent trend, at least over the limited literature data available. 

Ultimately, a proof of concept artificial intervertebral disc was 
fabricated to mimic collagen alignment in IVD with mesogen alignment 
(Fig. 9c). The prototype (Fig. 9d) was constructed using solid mono
domain material with transversely aligned mesogens around the exte
rior, as a substitute for the annulus fibrosus; and solid polydomain 
material in the center, as a substitute for the nucleus pulposus. This 
configuration was selected as it most closely mimics the structure and 
mechanical behavior of an actual intervertebral disc based on the 
compressive and dynamic shear testing performed. The device was 
fabricated by first casting the monodomain LCE forming material into an 
annulus fibrosus-shaped mold with scaled-down perimeter and scaled- 
up cross-section. This molded part was subsequently stretched and 
cured using ultraviolet polymerization to lock the alignment, and the 
annulus fibrosus-shaped monodomain LCE was achieved. Finally, the 
polydomain LCE forming material was poured inside the monodomain 
LCE annulus fibrosus structure and allowed to cure in the nematic phase 

Fig. 8. Histology assessment of solid 
and porous polydomain LCEs after sub
cutaneous implantation in Sprague 
Dawley rats. The semi-circular disc solid 
and porous polydomain LCE samples 
were implanted for four weeks and then 
assessed using (a) H&E straining, and 
(b) Masson’s trichrome staining upon 
removal. The images showed fibrotic 
encapsulation around both the solid and 
porous polydomain LCE samples, and 
tissue infiltration into the voids of the 
porous polydomain LCE samples.   
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to create a polydomain LCE nucleus pulposus. This simple proof of 
concept implant demonstrates the ability to utilize the anisotropic 
behavior of LCEs to more closely match complex biological structures. 

4. Discussion 

4.1. Synthesis methods 

There are slight differences between the polydomain and mono
domain samples beyond simply the global mesogen alignment. Poly
domain materials were allowed to cool at ambient temperatures while 
network forming Michael Addition reaction was occurring. At room 
temperature, the polymer network formed when the mesogens were in a 
nematic alignment; this is termed nematic genesis (Traugutt et al., 
2017). Conversely, the monodomain materials were completely cured at 
an elevated temperature and then allowed to cool to ambient conditions, 
followed by subsequent stretching and photopolymerization. The 
elevated temperature during curing was above the isotropic transition 
temperature meaning that no localized order was present during 
network formation; this is termed isotropic genesis (Saed et al., 2017; 
Traugutt et al., 2017). Ultimately, when the cured network is allowed to 
cool, it will still result in a nematic polydomain conformation, but the 
domains of alignment will be much smaller than those obtained using a 
nematic genesis technique. The isotropic genesis scheme was selected 
when fabricating monodomain materials because the smaller domains 
rotate more efficiently and with less applied force. During stretching and 
photopolymerization, this ensures that the maximum alignment of the 
mesogens is achieved. Since the smaller domains tend to align more 
easily, this also maximizes the soft-elastic effect and ensures that the 
monodomain materials manifest strongly anisotropic behavior. 

4.2. Mechanical behavior 

Solid polydomain, solid monodomain, and porous polydomain LCE 
materials were all tested in uniaxial tension and compression, and each 
class exhibited unique mechanical properties. Polydomain samples 
tested in tension, monodomain samples transversely loaded in tension, 
and monodomain samples longitudinally loaded in compression all 
exhibited soft elasticity. This soft elasticity is a result of mesogen rota
tion and alignment and results in a large stress plateau region. The 
mesogen rotation is a largely hysteretic effect and gives LCEs excep
tional energy dissipation over a wide range of temperatures and fre
quencies. Closely related, the large stress plateau also makes LCEs highly 
efficient at absorbing energy from impulse loading. Interestingly, the 
mechanical response of the solid monodomain LCE loaded longitudi
nally in compression is not unlike that of traditional foam. The effect of 
soft elasticity is mirrored by cell collapse and eventual densification in 

(caption on next column) 

Fig. 9. (a) Representative curves for monotonic compression of the annulus 
fibrosus and nucleus pulposus of a cadaver intervertebral disc compared to solid 
polydomain, and longitudinally and transversely loaded monodomain LCE 
materials. The solid polydomain, and longitudinally loaded monodomain LCE 
materials demonstrated roughly similar behavior to the nucleus pulposus. The 
transversely loaded monodomain LCE material was closest to the annulus 
fibrosus. All the samples were tested in ambient conditions at a strain rate of 
2.5%/s. (b) The plot of the damping parameter tan δ vs. frequency for the 
nucleus pulposus and solid polydomain LCE. The damping capacities are similar 
over a broad range of frequencies. The data for the nucleus pulposus was ob
tained from the literature (Iatridis et al., 1997b). The solid polydomain LCE 
sample was tested in shear loading at ambient conditions similar to the liter
ature. (c) A schematic diagram shows model IVD is devised by mimicking the 
collagen alignment with the LCE’s mesogen alignment. (d) The model IVD 
implant made from LCE materials. Solid polydomain LCE was selected as an 
analog for the nucleus pulposus while transversely aligned monodomain ma
terial was selected as an analog for the annulus fibrosus. The outer transversely 
aligned monodomain surrounded the central polydomain region. 
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conventional porous materials, resulting in similar stress plateaus of the 
corresponding stress-strain curves. However, this LCE is a solid material 
rather than a foam, and thus has greater stiffness, strength, elasticity and 
energy absorption capacity to conventional porous polymers. This 
desirable combination of properties makes LCEs uniquely suited for 
many load-bearing biomedical applications. 

Not all classes of LCEs nor loading scenarios will result in the soft- 
elastic effect. The effect is most prominent when maximum mesogen 
rotation is present. Monodomain solid LCEs loaded transversely in ten
sion allow the most dramatic change in director alignment, and by virtue 
yields the largest magnitude soft elasticity; the stress is nearly constant 
between 10-110% strain. Logically, polydomain solid LCEs have no or
dered global alignment, and thus less mesogen rotation is required when 
pulled in tension. The soft-elastic effect is still present and readily 
apparent but will reach complete alignment earlier than the transversely 
loaded monodomain samples, ranging from about 15-70% strain. 
Monodomain solid LCEs loaded longitudinally in compression still 
exhibit a soft-elastic effect, but it is greatly diminished. The reasons for 
this are two-fold. First, in compression, the mesogens align with the 
plane perpendicular to the loading direction, creating a negative order 
parameter (Jampani et al., 2019). This plane has greater geometric 
freedom in terms of mesogen alignment compared to a single line or 
direction when loaded in tension. Ultimately, less mesogen rotation is 
required to align with the plane, and as a result, the soft-elastic effect 
will occur over a smaller deformation. Second, the material deforms fast 
and the cross-sectional area increases rapidly during the compressive 
loading, simulating a densification similar phenomenon. The material 
keeps stiffening as it is compressed, and the stress required for further 
deformation increases exponentially. The stiffening behavior effectively 
suppresses the soft-elastic effect. Lastly, it also can be observed that the 
critical stress before initiation of the soft-elastic plateau is lower for the 
monodomain material loaded longitudinally in compression than the 
monodomain material loaded transversely in tension. It is theorized that 
this lower critical stress is a result again of alignment towards a plane 
rather than a single direction. After only a small amount of mesogen 
rotation, more progress has likely been made towards alignment with 
the plane in compression, compared to an equivalent amount of progress 
that could have been achieved with alignment to a single direction 
during tensile loading. The result is that bulk director rotation occurs 
sooner in compression and completes faster. 

In certain combinations of mesogen configuration and loading di
rection, the soft-elastic effect is not present at all. The most obvious 
example is the monodomain material longitudinally loaded in tension 
and transversely loaded in compression. In these cases, the mesogens are 
already aligned with the loading direction for tension and the plane 
perpendicular to the loading direction for compression. Since no direc
tor rotation occurs, the samples behave in a linear elastic manner with a 
slightly higher modulus in compression than in tension. Polydomain 
LCEs in compression exhibit no soft elasticity, for the same reasons that 
it is suppressed in the monodomain material longitudinally loaded in 
compression. Since there is no initial global alignment in the poly
domain LCEs, any soft elasticity is completely shadowed by the easier 
alignment to a plane and the rapid increase in the cross-sectional area. 
Porous LCEs demonstrate no soft-elastic effect in either tension or 
compression. The size of the pores is much greater than the local do
mains of alignment, and the pores are randomly distributed and aligned. 
Instead of mesogen alignment or rotation, the dominant behavior is 
bending and buckling of the cell walls. The resulting mechanical 
response is emblematic of traditional porous materials. 

4.3. Exposure to physiological condition 

Water contact angle testing indicated that all LCE samples were 
slightly hydrophilic, with contact angles below 90� (Kulkarni and Shaw, 
2016; Laursen et al., 2016). It is theorized that the water contact angle is 
largely dependent on the material composition. The solid and porous 

polydomain materials exhibited very similar contact angles, while the 
monodomain material had a slightly higher angle, potentially due to the 
larger acrylate content. Reflective of their hydrophilic nature, the tested 
solid polydomain sample absorbed a limited amount of water within the 
first few days of soaking in a phosphate buffer saline solution. The 
absorbed water content for the solid polydomain LCE stabilized after one 
week of soaking at approximately 2.5% by mass. While this amount of 
absorbed water mass gain is typical for similar polymers (Lakhera et al., 
2012; Smith et al., 2009), LCEs with hydrophilicity high enough to form 
hydrogels have been reported (Torbati and Mather, 2016). 

In order to study the effects of water mass gain on the mechanical 
behavior of LCEs, uniaxial tension and creep tests were performed on 
solid polydomain LCE samples before and after soaking. In brief, the 
mechanical responses for both tests are relatively stable, and deviations 
from the pristine behavior were minimal. It has been reported in pre
vious literature that absorbed water can act as a plasticizer (Smith et al., 
2009), and that absorbed water can additionally disrupt the mesogen 
order (Torbati and Mather, 2016). Absorbed water acting as a plasticizer 
could cause lower soft-elastic initiation stress, as well as the lower 
equilibrium creep strain, as was observed for the soaked materials. 
However, there is no evidence that the liquid crystalline order was 
disrupted by absorbed water for the soaked LCEs presented here. 

4.4. In-vivo biocompatibility 

Before any use of LCEs as a biomedically relevant material can be 
justified, an investigation into the various aspects of biological 
compatibility must be pursued. Previous work has demonstrated that 
LCEs of a similar composition to those used in this study have no cyto
toxic effect (Yakacki et al., 2015). A more rigorous measure of 
compatibility is in vivo subcutaneous implantation, which was studied 
for solid and porous LCEs in rats, as shown in Fig. 8. Subsequent staining 
revealed fibrous encapsulation around the solid material and tissue 
integration into the porous material. No adverse conditions were 
observed as a result of implantation and all rats were considered healthy 
throughout the trial period. It is known that the hydrophilicity of ma
terial usually promotes biocompatibility (Hezi-yamit et al., 2009; Oh 
and Lee, 2013). Therefore, the moderate hydrophilicity observed in the 
LCEs here has helped their positive biocompatibility. 

To reduce the possibility of a harmful biological reaction, porous 
LCEs were fabricated using a simple salt leaching technique (Loh and 
Choong, 2013). This methodology makes the use of harsh organic sol
vents unnecessary and reduces the risk of residual toxic elements. For 
the trabecular bone and the vertebral endplate, typically, the porosity is 
in the range of 40–90% (Karageorgiou and Kaplan, 2005; Rodriguez 
et al., 2012) and the pore size is in the order of 100–900 μm (Hildebrand 
et al., 1999; Rodriguez et al., 2012). In various bone and cartilage 
regeneration scaffolds and interbody fusion devices, 50–90% porosity 
and 100–600 μm pores have been utilized (Al-Munajjed et al., 2008; 
Karageorgiou and Kaplan, 2005; Torstrick et al., 2017). Therefore, to 
develop material to be used in a similar biological environment, the 
porous LCE with approximately 54% porosity and 250–420 μm pore 
sizes was aimed in this study. To reach the target porosity range, a 1:2 wt 
ratio of salt to LCE was chosen. Approximating the density of the salt 
being approximately twice of the LCEs, the LCE was expected to yield 
approximately 50% porosity, which is in the fair agreement of the 
measured porosity of 54%. Furthermore, the pore size and structure can 
be easily modified utilizing different sized or shaped salt crystals to 
enhance or suppress cellular integration, if desired. As the mechanical 
properties of a specific porous material are function of the pore geom
etry (i.e. open-cell vs. closed-cells) and the density ratio of the porous to 
solid material (Gibson and Ashby, 1982; Sun et al., 2016), any change to 
pore size and structure is not expected to impact the mechanical prop
erties of the LCEs significantly, when the pore volume fraction is kept 
constant. However, the higher porosity would have led to much lower 
stiffness, but possibly would allow more tissue ingrowth during the in 
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vivo study as well (Murphy et al., 2010). Despite the very promising 
result of tissue ingrowth into the porous LCEs, very low stiffness, 
compared to the solid polydomain as observed in Fig. 5, made it 
potentially unsuitable for this specific load-bearing application 
described in this paper. Nevertheless, the porous LCE has potential for 
biomedical devices where less load-bearing capacity is required, such as 
neuronal tissue scaffold (Mori et al., 2020), artificial skin (Sharma et al., 
2017), porous surface of higher strength interbody fusion cage (Tor
strick et al., 2017) etc. 

The stable mechanical behavior in physiological conditions, non
cytotoxic response, and inert behavior during subcutaneous implanta
tion are all strong evidence towards validating the biological 
compatibility of LCEs. Of course, much work remains to be realized, and 
the material must undergo additional study, screening, and clinical 
evaluation before it could be considered for use as a load-bearing 
biomedical material. 

4.5. Proof of concept TDR device 

A proof of concept total disc replacement device was constructed 
using two classes of LCE materials designed to better mimic biological 
structure and function. Uniaxial compressive testing revealed that 
monodomain LCE loaded transversely has a similar mechanical response 
to the annulus fibrosus (Fig. 9a). In application, relevant average loads 
on the intervertebral discs can be estimated as 1.2 times bodyweight 
(O’Connell et al., 2011). This magnitude of stress should not exceed 15% 
strain of the intervertebral discs (O’Connell et al., 2011). More impor
tantly, transversely loaded monodomain LCEs do not undergo soft 
elasticity during deformation. Since there is no bulk rotation or 
realignment of the mesogens, the material recovers much faster when 
the applied load is removed. Although this increased elasticity comes at 
the expense of the mechanical damping and energy dissipation charac
teristics. The role of the annulus fibrosus is to provide structure, elas
ticity, and support for the nucleus pulposus, and the disc as a whole. For 
these reasons, transversely aligned monodomain LCE material was 
selected as an analog for the annulus fibrosus. 

The role of the nucleus pulposus is to provide mechanical damping 
for the intervertebral disc and has been found to be highly viscoelastic 
(Iatridis et al., 1996). Of the materials tested in compression, the sam
ples with the closest mechanical response were the solid polydomain 
material and the longitudinally loaded monodomain material. Due to its 
soft-elastic behavior, the monodomain LCE possesses extremely high 
damping properties but prolonged recovery and quasi-permanent 
deformation, because it is difficult for the mesogens to return to the 
original aligned configuration without heat or a mechanical bias. The 
solid polydomain material tested here exhibits a nearly identical 
compressive response to the nucleus pulposus over the region of interest, 
as well as, very similar shear damping behavior in terms of magnitude 
and trend relative to frequency. Furthermore, our previous study of the 
polydomain LCE with the same composition demonstrated strong loss 
tangent over a broad range of temperatures under small amplitude 
oscillating strain (Merkel et al., 2019). The polydomain LCE material 
also showed high energy dissipation and fast strain recovery when tested 
under large-amplitude cyclic loading at a temperature close to the 
human body temperature (Merkel et al., 2019). Thus, polydomain LCE 
material was a natural candidate to perform energy dissipation func
tionality and selected as the analog for the nucleus pulposus. 

The capability of LCEs to mimic the very diverse behavior demon
strated by annulus fibrosus and nucleus pulposus can be attributed to the 
presence of its unique soft elasticity. The soft elastic response of LCE 
facilitates its superior energy dissipation capacity (Merkel et al., 2019). 
The inherent soft elasticity of the solid polydomain LCE allowed it to 
match the large tan δ over a broad range of frequency demonstrated by 
the nucleus pulposus. Furthermore, the underlying mechanism for the 
soft elasticity is the mesogen rotation, which in turn allows achieving 
the monodomain material with highly anisotropic mechanical behavior. 

Subsequently, it was possible for LCEs with the same chemistry to match 
the mechanical behavior of different segments of the intervertebral disc. 
Conventional elastomers, i.e., non-LCEs, can possibly be designed by 
varying chemical composition and crosslink density to match just the 
stress-strain behavior of the nucleus pulposus and annulus fibrosus. 
However, the lack the soft elastic behavior of the non-LCEs will limit 
their energy dissipation capacity and consequently, they will be unable 
to mimic the large magnitude of tan δ of nucleus pulposus over broad the 
frequency range. 

The simple device was fabricated with transversely aligned mono
domain LCEs around the exterior with polydomain LCEs cast into the 
center. The desire is that the combined properties of the two classes of 
LCEs will more accurately mimic actual biological function. Although 
the testing of the current device is ongoing, the results demonstrated 
thus far warrant a much deeper effort and an iterative design method
ology will be implemented moving forward. By optimizing other pa
rameters such as crosslink density, the functionality and type of 
monomers utilized, structured geometries, and the amount of excess 
acrylate, it should be possible to narrow in on an optimal design (Merkel 
et al., 2018; Saed et al., 2017). While the focus has been on an inter
vertebral disc, the scope of applications should not be confined to this 
one device. For example, we have also recently explored the used of 
dynamically-crystallizing LCEs that can be 3D-printed to serve as a 
spinal fusion cage (Volpe et al., 2019). The unique variety of properties 
LCEs possess, and their tailorable nature could make the material an 
excellent choice for load-bearing biomedical applications including the 
replacement of complex cartilaginous tissues of the joints. 

5. Conclusions and outlook 

The driving intent of this work was to evaluate the candidacy of LCEs 
materials as a suitable choice in load-bearing biomedical applications. 
Three classes of LCEs with similar compositions but different mechanical 
behaviors were studied: solid polydomain, porous polydomain, and 
solid monodomain. The investigation was guided by three objectives. 
First, what are the mechanical responses and potential anisotropy for 
each class of material. Second, how is the mechanical response of each 
material affected by physiological conditions and in vivo subcutaneous 
implantation. Lastly, how can the diverse properties of LCEs be utilized 
to more closely mimic the biological function in a proof of concept total 
disc replacement device. 

Due to the integration of a liquid crystalline mesogen backbone, the 
mechanical properties of LCEs can be both unique and varied. The solid 
polydomain material exhibits moderate soft elasticity when pulled in 
tension, while the compressive response is more characteristic of a 
traditional polymer. The porous LCEs are logically much softer than the 
solid material, but the soft-elastic effect was not present under either 
tension or compression load. Instead, the macroscopic porous structure 
made buckling and collapse of the cell walls the dominant deformation 
mechanism. The monodomain materials exhibited a truly anisotropic 
mechanical response with different behavior in tension and compres
sion. The monodomain material loaded transversely in tension and 
longitudinally in compression both demonstrated soft elasticity, owing 
to their mesogen rotation in response to the load. Since nearly no 
mesogen rotation is required, transversely loaded material in compres
sion, and longitudinally loaded material in tension displayed only linear 
elastic behavior. Depending on the mesogen orientations and loading 
conditions, the LCEs span a range of mechanical properties from high 
elasticity with rapid recovery, to highly viscoelastic with a strong hys
teretic nature. 

As part of the investigation on how LCEs will react in the biological 
environment, the water contact angle testing revealed that all classes of 
LCEs are slightly hydrophilic. After two weeks of soaking in a phosphate 
buffer saline solution, the solid polydomain LCEs absorbed approxi
mately 2.5% weight percent water. However, creep and tensile testing 
revealed that this absorbed water has only a limited effect on 
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mechanical properties. Specifically, the equilibrium creep strain and the 
soft-elastic initiation stress both decreased marginally. Subcutaneous 
implantation in rats revealed fibrous encapsulation around solid poly
domain materials and cellular integration in porous materials. Addi
tionally, no swelling or inflammatory response was observed, and no 
other adverse medical conditions were recognized during the implan
tation period. Paired with previous reports that demonstrated in vitro 
non-cytotoxicity, these findings are strong evidence towards verifying 
LCEs as a safe and stable material for use in physiological conditions and 
fulfilling applications as a biomaterial. Naturally, testing such as 
hemocompatibility, pyrogenicity, carcinogenicity, and clinical evalua
tion remains to be performed before a full biological compatibility 
assessment can be completed. 

In fulfillment of the last objective proposed for this work, a proof of 
concept total disc replacement device was fabricated. The simple pro
totype incorporated two different configurations of LCEs designed to 
independently simulate the behavior of the annulus fibrosus and the 
nucleus pulposus. The strong elasticity and rigid structure of trans
versely aligned monodomain material led its selection as an analog for 
the annulus fibrosus, while the high damping characteristics and mod
erate stiffness of polydomain material led to its selection as an analog for 
the nucleus pulposus. This combination of properties is intended to more 
closely match the actual response of a human intervertebral disc. 
Moreover, the wide range of available mechanical properties, soft- 
elastic effect, and strong anisotropy give LCEs highly customizable 
behavior. It is evident that these unique attributes make LCEs well suited 
for load-bearing biomedical applications. 
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