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ABSTRACT

This study investigates the comparative behaviour of cartilage, bone, UHMWPE and a Poly trimethylene carbonate
PTMC composite with hydroxyapatite and carbon nanotubes (PHN), under identical nano-indentation loading-
unloading. The loading was a controlled linear increasing force followed by a static force period followed by a final
linear decrease to zero. The corresponding load-penetration depth curves exhibited curved increasing and decreasing
behaviour as the load was increased and decreased. During the static load period, the materials exhibited creep to
different extents. The penetration depth during unloading did not follow that during loading thereby exhibiting
hysteresis. The average stiffness, hardness and reduced modulus were highest for cartilage and lowest for UHMWPE.
Correspondingly, the depth of penetration was lowest for cartilage and highest for UHMWPE. However, the standard
deviation of the values was found to be much higher for the natural materials cartilage and bone as compared to
UHMWPE and PHN, indicating a complex hierarchical structure of the tissues. The behaviour of PHN was closer to that
of the natural tissues as compared to the behavior of UHMWPE.
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Introduction
Nanoindentation has been used as a mechanical

characterization technique at sub-micron scales [!,2,3, 4,

5,6,7 8 9]. It provides a corelation between histological
findings, disease state and mechanical behavior at the
nano-level[ '°]. It has been found that mechanical
behavior is sometimes different at the macro, micro and
nano scales. Nanoindentation involves the application
of a controlled load to the surface to induce local
surface deformation ['°]. Biological tissues and
biomaterials are known to have a hierarchical structure,
which can be characterized at the sub-micron level.
Several authors have investigated various tissues at the
nano-level using nanoindentation ['!,!2,13,14 15 16 177,
Cartilage tissue is a natural composite material having a
unique molecular structure. Articular cartilage at bone
joints have a non-uniform distribution of collagen
fibers, proteoglycan molecules, chondrocyte cells and
fluids, based on its functionality. Arthritis is a disease
related to cartilage degeneration,which affect more
than 350 million people and is a leading cause of
disability['®]. There are several ways in which arthritisis
treated, depending on its severity.Total joint
replacements are a common treatment method for
severe arthritis, in which cartilage and bone tissue from
both sides of the joint are surgically removed and
synthetic biomaterial components are inserted in their
place. Several authors have investigated the possibility
of replacing cartilage with synthetic biomaterials
[19’20921’22,23’24’25,25’27].

Several tissues and polymers exhibit time-dependent
visco-elasticity. The compliance method can therefore
give a wrong indication of the mechanical properties.
Therefore, after the initial linear loading, there is a hold
period to allow deformation to stabilize[?*,?*].

* Author for Correspondence: Rahul Ribeiro

A material suitable for integration with bone should
have sufficient porosity and mechanical strength to
allow cell adhesion, cell migration, growth, and
proliferation®®. It has been found that Hydroxyapatite
(HAP) has the ability to stimulate osteoinduction and
has shown good integration with bone.?!,*?, have
reported that a copolymer of polytrimethylene
carbonate (PTMC) supported the highest degree of
human articular cartilage chondrocyte cell adhesion.
PTMC and its copolymers have been used in the
medical industry as resorbable sutures** drug delivery
systems *° pins and screws for bone fixation3® and
temporary three dimensional scaffolds for tissue
engineering’’. Carbon nanotubes possess high tensile
strength, ultralight weight, and excellent thermal and
chemical stability*®. Carbon-based materials have been
widely used as biomaterials®®,*°,*!. Carbon nanotubes
are therefore a potential candidate for use as
multifunctional materials in biomaterial composites.
The mechanical strength can provide reinforcement
similar to collagen fibers, and functionalization of the
carbon nanotubes (CNT) surface can vary attractive and
reactive forces within and on the surface of the
composite materials. Bone mineral is primarily made
up of calcium hydroxyapatite **. Furuzono et al.*
studied a composite of silicone elastomer and
hydroxyapatitic particles. They found that the
hydroxyapatite (HA) coating effectively added
bioactivity to the surface.

Biomaterials are known to be complex viscoelastic
composites whose mechanical performances are
dependent on the multifaceted details of the internal
hierarchical structure. * In this study, potential
biomaterials polymer poly trimethylene carbonate
combined with carbon nanotubes and hydroxyapatite,
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cartilage, bone and ultrahigh molecular
weight polyethylene (UHMWPE) were investigated
using the nanoindentation method. UHMWPE was
investigated for comparison, as it it a common joint
replacement material. A trapezoidal loading profile
was used. Mechanical properties investigated were
stiffness, hardnes and reduced modulus. Total
penetration depth and depth due to creep were also
measured and compared.

Materials

The materials used in this study were: monomer
trimethylene  carbonate  (Boehringer  Ingelheim,
Ridgefield, CT, 1 g), Hydroxy apatite (HAP) powder
(Sigma Aldrich, St. Louis, MO, 0.05 g), multi-walled
carbon nanotubes (1 mg), the catalyst N,N-bis(3,5-di-
tertbutylsalicylidene)-1,2-ethylenediamine Calcium

(II), and the cocatalyst: N-butyl ammonium chloride
[Bud4N]+ Cl-.

Ring opening polymerization was conducted at 88 °C
for 45 min. to synthesize PTMC, by the method of
solution casting. The nanotubes and HAP were
mixed in the monomer prior to polymerization.
During polymerization the mixture was stirred
continuously.The detailed polymerization process is
described in a reference®.

The monomer:catalyst:cocatalyst molar ratio was
350:1:1. The catalyst was not removed from the final
polymer as it is a calcium-based catalyst that is likely to
be biofriendly and it also provides strength to the
material. The synthesized polymer composite was
solution cast onto flat aluminum foil cups and, on
evaporation of the solvent, formed 2-mm-thick films.
Because the composite contains PTMC, HAP, and
carbon nanotubes (NT), we will refer to it as (PHN).
UHMWPE (Goodfellow, Oakdale, PA) in processed
form, was tested for comparison.

Multi-walled carbon nanotubes were obtained from
Carbon Nanotechnologies Inc. Human cartilage and
cancellous bone

200

50

Human articular cartilage specimen was obtained from
a 51-year-old male’s amputated right knee. The patient
was suffering from a vascular obstructive disease in his
right leg. He had no chance of living with conservative
treatment because of is chemic necrosis of the

foot. His leg therefore, had to be amputated above the
knee.The specimens were harvested from the joint
using ahacksaw and scalpel blade. The specimens
contained the entire thickness of cartilage and part
of the subchondral bone. Cartilage and subchondral
bone obtained from near the femoral condyle was used
as the pin material in the tribological tests.
Cartilage (complete thickness) and subchondral bone
from the tibial plateau were used as the counter
material for the cartilage—cartilage tests. Subchondral
bone from the knee joint of the same subject from
whom the cartilage was obtained, was used in these
studies. The bone and cartilage specimens were stored
in a deep freeze at —17°C. According to Collins et al
46 the cartilage would have most likely undergone grade
I or IT osteoarthritis, based on age.

All specimens were tested in dry condition, as moisture
tended to interfere with the indenter tip causing
erroneous readings.

Experimental Methodology

Nanomechanical properties were obtained using a
nanoindenter (Triboindenter, Hysitron, Minneapolis,
MN). The elastic, plastic, and viscoelastic behavior of
tested materials surfaces can be compared over the
load—time curves. The loading condition was an initial
linear increase from O to 200N in 10s, followed by a
stable load of 200N for 10s, and finally followed by a
linear decrease in load from 200 to ON over 10s (Fig
1.). Nine tests were conducted for each material for
repeatability. Indents were spaced lmicro metre apart
in asquare matrix. Depending on the ease of
deformation,the instrument automatically truncated the
maximum load to a safe value.

20 30

Time (s)

Fig. 1: Loading profile
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Effective area ¢

Tip radius =
150 nm

contact a

Depth of
penetration d

Fig. 2: Profile of indenter tip

A diamond hemispherical tip was used to bridge pores
on the surface (Fig. 2). The radius of the nanoindenter
tip was 150 nm. This value was used to calculate the
effective area of contact a. If the penetration depth is d,
the effective area of contact is given as:
a=m.d.(2x150 — d) nm?, upto a depth of 150nm
=p x(150%) nm?, when depth > 150nm

The stiffness was measured as the slope of the first
10% readings of the unloading curve. The hardness was

Results and analysis

measured as the peak load divided by projected area.
The reduced modulus was calculated using the
following formula.

SV

E, =——
r 2\/K
Where:

S is the stiffness and A is the projected area.
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Fig. 3: Load-depth plots for cartilage
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Fig. 5: Load-depth plots for UHMWPE
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Fig. 6: Load-depth plots for bone

Figs. 3 to 6 show load-depth profiles for cartilage,
PHN, UHMWPE and bone respectively. For cartilage,
seven out of the nine test results are displayed, as the
remaining two seemed to be erroneous. It has been
found that it is very difficult to obtain meaningful and
accurate nanoindentation data for viscoelastic
biomaterials using quasi-static testing techniques due to
surface size effects, indenter shape, force frequency and
loading function.*’ There is large variation in the plots
for cartilage and bone, the two naturally occurring
composites (indicated by high values of standard
450
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Cartilage PHN

Max. depth of penetration (nm)

deviation). For PHN and UHMWPE there is less
variation with UHMWPE being the most consistent.
There is definitely creep deformation during the
constant load period, for all tests of all materials with
variations within each material and across materials.
On reducing the load to zero, there is still finite
deformation observed for all tests. Test number 5 for
cartilage shows a pop-in kind of phenomenon [*8,4°39]
indicating a sudden failure at a certain load. This
occurred for the test which exhibited maximum
deformation.

T
I

UHMWPE Bone

Fig. 7: Maximum average penetration depth (with standard deviation bars)
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Fig. 10: Average hardness (with standard deviation bars)
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Fig. 11: Depth due to creep (during constant load) along with standard deviation bars

Cartilage and bone, in the dry state, exhibited the
highest and second highest average stiffnesses and
reduced moduli (Figs. 8 and 9). However, their
standard deviations were much larger than those of the
synthesized materials. This can be attributed to natural
tissues being highly complex, anisotropic composite
materials, with the surface varying from rigid fibers to
empty pores [*!']. The artificially synthesized materials,
namely PHN and UHMWPE exhibited lower average
stiffness and reduced modulus than that of dry cartilage
and bone. However the values of PHN were close to
that of bone. PHN showed a slightly larger average
hardness value of hardness (2.42nN/m?) than that of
bone (2.07n0N/m?), but had a much lower standard
deviation. UHMWPE had the lowest average stiffness,
hardness and reduced modulus compared to the other
materials, which corroborated with the highest depth of
penetration.

An interesting observation was with the creep
deformation. Bone exhibited the highest average value
(68.22 nm) with the highest standard deviation.
UHMWPE came up second with a much lower value of
(41.33 nm). Third was PHN with a value of17.22 nm
and cartilage had a value of 13.57 nm.The
standarddeviation values of creep deformation for
UHMWPE,PHN and cartilage were much lower than
that of Bone.This indicates that bone, in the dry state,
deforms to avery varied extent across the surface,
under a constantload. On the other hand, cartilage in
the dry state, hadthe lowest average creep
deformation and much lowerstandard deviation than
that of bone, exhibiting a starkcontrast in creep
behavior between the two naturalmaterials. This
could be attributed to cartilage being ina much
collapsed state in the dry condition, with notmuch
allowable deformation.

It is seen that the average values for PHN, along with
the standard deviation, overlap those of cartilage tissue,
indicating that the PHN composite can be tailored to
mimick the behaviour of cartilage, thereby reducing
stress shielding and possibly providing deformation
leading to elastohydrodynamic lubrication. This is

IJDDT, Volumel6 Issue 4s, 2026

evident from the friction results reported by Ribeiro et
al in reference [3]. Mimicking bone would be a bigger
challenge, due to the large variance in values.

Conclusions

Cartilage, in dry state, exhibited the highest stiffness,
hardness and reduced modulus which corroborated with
minimum depth of penetration. This could be attributed
to the high fiber concentration at the surface. On the
other hand, UHMWPE exhibited the minimum
stiffness, hardness and reduced modulus, corroborating
with maximum depth of penetration. Bone exhibited
the second highest stiffness and reduced modulus.
However, its hardness was the third highest. The two
natural tissues, namely cartilage and bone exhibited
much higher standard deviation of properties owing to
the complex nature of the tissues. PHN could be
tailored to match the properties of cartilage and bone by
varying its constituents. The results also indicate that
PTMC as a drug delivery agent or sutures could be well
tolerated by the body due to its tissue-like behavior.
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