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ABSTRACT

Reference point indentation (RPI) is a novel experimental technique designed to evaluate bone quality. This study utilizes two RPI instru-
ments, BioDent and Osteoprobe, to investigate the mechanical responses of several 3D-printed polymers. We correlated the mechanical
properties from a tensile test with the RPI parameters obtained from the BioDent and OsteoProbe. In addition, we tested the same poly-
mers five years later (Age 5). The results show that for Age 0 polymers, the elastic modulus is highly correlated with average unloading slope
(r = 0.87), first unloading slope (r = 0.85), bone material strength index (BMSi) (r = 0.85), average loading slope (r = 0.82), first indentation
distance (r = 0.79), and total indentation distance (r = 0.76). The ultimate stress correlates significantly with first unloading slope (r = 0.85),
average unloading slope (r = 0.83), BMSi (r = 0.81), first indentation distance (r = 0.73), average loading slope (r = 0.71), and total indentation
distance (r = 0.70). The elongation has no significant correlation with the RPI parameters except with the average creep indentation distance
(r = 0.60). For Age 5 polymers, correlations between mechanical properties and RPI parameters are low. This study illustrates the potential
of RPI to assess the mechanical properties of polymers nondestructively with simple sample requirements. Furthermore, for the first time,

3D-printed polymers and aged polymers are investigated with RPI.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0149701

. INTRODUCTION

Reference point indentation (RPI) is a technique that applies
micro-indentation on the sample’s surface to obtain force and dis-
placement data."” BioDent and OsteoProbe (Active Life Scientific,
Inc., CA, USA) are two instruments that utilize RPI but have dif-
ferent characteristics and outputs. BioDent is composed of a test-
ing probe and a reference probe.” The reference probe penetrates
material of interest with a pre-load. Then, the testing probe indents
the region cyclically and records displacement—force curves. Nine
parameters are calculated from the load-displacement curves, as
shown in Fig. 1, and summarized in Table I.

In a similar concept but different manner to Biodent, Osteo-
Probe establishes a reference point through pre-loading utilizing a
single probe. Once the probe penetrates to a certain depth, it indents
the material, and the displacement of the tip is measured.' The
resulting bone material strength index (BMSi) is calculated using the
following equation:”

. Indentation distance increase into PMMA
BMSi = 100 - et : : Y
Indentation distance increase into sample

Unlike BioDent, which necessitates in vitro sample preparation,
OsteoProbe enables in vivo testing for clinical applications.” ” Fur-
thermore, OsteoProbe involves a significantly faster loading rate of
120000 N/s, while BioDent performs loading at 40 N/s.” On the
other hand, BioDent offers more user-defined controls, allowing
adjustments for the reference probe, preconditions, loading forces,
and loading cycles. BioDent also provides the opportunity to obtain
more detailed material information through various output para-
meters, whereas OsteoProbe gives only one parameter. Thus, in this
study, we investigate the outputs from both devices to offer deeper
insights into material characterization using the RPIL.

The BioDent and OsteoProbe are devices designed to mea-
sure bone quality. However, the outputs do not directly give
mechanical properties. Many studies™” " have investigated how RPI
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FIG. 1. Displacement-force curves generated by BioDent, showing the BioDent
parameters. TID denotes a total indentation distance, IDI represents an initial
indentation distance, while the first ID indicates an indentation distance due to
the first cycle.

TABLE . BioDent output parameters.*

BioDent parameters Description

First ID First cycle indentation distance
IDI Indentation distance increase
TID Total indentation distance

First CID First cycle creep indentation distance
AvCID Average creep indentation distance
First US First cycle unloading slope
AvUS Averaged unloading slope

AVLS Averaged loading slope
AVED Averaged energy dissipated

parameters relate to bone material properties in vivo and in vitro.
Most studies have used RPI to assess bone fracture toughness
because of its clinical importance. Approximately 40 vol. % of bone
consists of collagen, a biopolymer.'* Given the potential of the
RPI technique as an indicator of bone material properties, there
is a significant interest in investigating its applicability for assess-
ing the mechanical properties of polymeric materials. Traditional
approaches, such as tensile and compressive tests, have been exten-
sively employed to study the properties of polymers.”'* However,
RPI is a nondestructive technique that offers advantages over tradi-
tional mechanical tests. It requires simple sample geometry, is easily
set up for testing, and avoids sample damage or alteration during
evaluation. RPI technique uses microscale tips compared to Rock-
well and Vickers hardness tests that involve much larger tips to
perform indents at a larger scale. Such microscale measurements can
provide new insights into polymer properties. Several prior studies
have used RPI to test polymers. The correlation of RPI with hard-
ness was studied by Ly et al.'” They found a significant correlation
of BMSi with Vickers hardness (r = 0.94) and Rockwell hardness (r
=0.93). Tang et al.'” correlated BMSi with shore hardness (r = 0.98)
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and elastic modulus (r = 0.98) obtained from tensile tests. However,
the RPI parameters have not been correlated with other mechanical
properties of polymers.

To enhance the novelty of this study, we opted to employ
3D-printed polymers to explore the correlation between RPI and
the mechanical properties of polymers. In recent years, 3D-printed
polymers have gained significant traction and found use in broad
commercial applications.”” Distinct from conventional polymer
manufacturing methods, a layer-by-layer fabrication process of 3D-
printed materials enables easy creation of customized geometries.
However, this layered construction also introduces orientation-
dependent mechanical properties.”’ Moreover, polymers undergo
aging processes that progressively degrade their mechanical proper-
ties.”! No prior studies have investigated RPI on freshly 3D-printed
polymers or aged polymer samples. Therefore, delving deeper into
the properties of 3D-printed polymers using the RPI technique holds
significant scientific value and should provide new insights.

This paper investigates 3D-printed polymers and aims to cor-
relate the RPI parameters obtained from BioDent and OsteoProbe
with the elastic modulus, ultimate stress, and elongation at break
obtained from tensile tests. Nine different polymers were 3D printed
using several additive manufacturing techniques. In addition, we
performed RPI and tensile tests on 3D-printed polymers stored in
the laboratory for five years to investigate the property changes due
to aging. Thus, for the first time, this study correlates the RPI para-
meters with the mechanical properties of 3D-printed polymers and
investigates aged polymers with RPI techniques.

Il. MATERIALS AND METHODS
A. 3D-printed polymers

Nine different polymers were 3D printed in 2016 (Age 0):
PA2200, ABS-M30, polycarbonate (PC), PC-ABS, VeroWhite, Full-
Cure720, TangoBlack, ProtogenWhite, and WaterClear Ultra. The
materials were 3D printed in the Rapid Prototyping Lab at the
University of Illinois at Urbana-Champaign using four additive
manufacturing technologies. The 3D printers, printing techniques,
and thickness layer for each polymer type are listed in Table II.
The bulk sample dimension employed in this study was 25.4
x 25.4 x 50.8 mm’. The samples were 3D printed in these dimen-
sions, and no polishing was done after printing. The layer thickness
for the different materials was obtained from product specifica-
tion sheets; however, it is important to note that these values are
estimates and may vary depending on specific printing conditions.
Among all materials, PA2200 was the only powder-based material
in this study, with an average particle size of 56 ym.”” ABS-M30,
WaterClear, FullCure720, and VeroWhite are amorphous acrylic
polymers. ProtogenWhite is an epoxy resin, and TangoBlack is
an elastomer material. TangoBlack exhibits high elongation but
low strength, while FullCure720 demonstrates superior mechanical
properties regarding tensile ultimate strength and flexure strength.
ABS-M30, on the other hand, exhibits the highest hardness among
the materials studied. These selected materials offer a wide range
of mechanical properties that effectively fulfill the objectives of this
study.'® The mechanical properties of these materials, investigated
in this study by tensile tests, are reported in Sec. III. The materials
printed by PolyJet initially arrived with sacrificial materials that had
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TABLE II. Summary of 3D-printed polymers, printing techniques, and layer thickness used in this study.

No. Polymer materials Printing techniques Layer thickness, mm
1 PA2200 (PA12) Selective laser sintering (SLS) 0.10
2 ABS-M30 Fused filament fabrication (FDM) 0.35
3 Polycarbonate (PC) FDM 0.25
4 PC-ABS FDM 0.30
5 VeroWhite PolyJet 0.02
6 FullCure720 PolyJet 0.03
7 TangoBlack PolyJet 0.02
8 ProgenWhite Stereolithography (SLA) 0.05
9 WaterClear Ultra SLA 0.10
10 Polymethyl methacrylate (PMMA) N/A N/A

not been removed. These sacrificial materials were removed man-
ually and rinsed with water to ensure the complete elimination of
any residue. Polymethyl methacrylate (PMMA), which was not 3D
printed, was also tested and used for calibration for RPIL. The batch
of polymers, printed in 2016, underwent proper storage measures.
The specimens were sealed in plastic bags and stored in a controlled
environment. Occasional exposure to light has occurred during the
storage period. The storage conditions included a constant tempera-
ture of 20 °C and a humidity level of 20%. This controlled storage
environment was maintained over five years until the polymers
reached an age of five years in 2021.

We collected the mechanical properties of Age 0 polymers from
TechSheets published by 3D-printing companies. We tested each
polymer type only once at Age 0 in our lab, which was insufficient
to conclude statistical significance. Furthermore, FullCure720 was
no longer available to us. Thus, we report Age 0 tensile properties
from TechSheets published by Stratasys.”” The Age 0 properties we
measured were very close to the values in TechSheets. Therefore,
we assume that the mechanical properties in TechSheets can rep-
resent the properties of Age 0 polymers. Elastic modulus, ultimate
tensile stress, and tensile elongation at break were collected for Age 0
polymers. The mechanical properties of Age 5 polymers were deter-
mined by the tensile test using an MTS Insight electromechanical
testing system with a 2000 N load cell (MTS system Corp., Eden
Prairie, MN). Tensile tests were done on 3D-printed samples in the

printing direction. RPI was performed on Age 0 and Age 5 sam-
ples with indentation forces applied perpendicular to the printing
direction.

B. Reference point indentation—BioDent

The Age 0 and Age 5 polymers were indented by BioDent ref-
erence point indentation (Active Life Scientific, CA, USA) using
the BP2 probe type. The BP2 probe, made of 440C stainless steel,
features a semi-sharp reference tip with a blunt cylindrical end,
while the test probe is characterized by a 90° conical shape with
a base radius of 370 ym and an end tip radius of 2.5 ym.” The
probe size is smaller than the PA2200 grain size (~56 pm) and
the pore size (~10 ym on average).”' Images of the Biodent tip
and the indenting point on an Ultra Clear polymer sample are
shown in Fig. 2. Each sample was placed on the BioDent stage
to perform indents. Indentation was conducted on samples with a
25.4 mm thickness, which greatly exceeds the required sample thick-
ness for RPI (ten times thicker than the largest indenting depth).
After the reference probe touched the sample surface, the testing
probe was indented on a material with 6 N force, 20 indenting
cycles, and 2 Hz frequency at a touchdown force threshold of 0.1
N. This setup followed the RPI testing procedure study of Setters
and Jasiuk.”* During the cyclic loading and unloading, the displace-
ments of the testing probe were measured. Five indentations were

FIG. 2. Environmental scanning electron microscopy images. (a) Biodent test probe tip with a radius of 2.5 yum. (b) The indented point by Biodent on a sample of UltraClear

polymer.
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performed on each sample at different locations with spacings larger
than 2 mm.

C. Reference point indentation—OsteoProbe

The OsteoProbe indentation (Active Life Scientific, CA, USA)
was also used to perform micro-indents on Age 0 polymer surfaces.
The 90° conical tip is made of 440C stainless steel, and the tip radius
is less than 10 ym.” OsteoProbe was held perpendicular to the top
surface of a sample. The probe established a reference point with a
10 N compression force. Once the reference point was reached, the
probe further indented into the polymer with a 30 N force and mea-
sured the distance. After indenting the reference material, the bone
material strength index (BMSi) was determined as 100 times the
ratio of indentation distance increase (IDI) from reference material
(PMMA) to IDI of the polymer sample using Eq. (1).” Ten inden-
tations were performed on each polymer sample, and the spacing
between indents was larger than 2 mm.
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D. Tensile testing

Tensile tests (Instron, MA, USA) were carried out on Age 5
samples. Tensile samples were designed and printed according to
the tensile test’s ASTM D638 standard plastic geometry. After ver-
tically mounting a sample onto the grips, an extensometer was put
in the middle of the sample gauge to measure the strain. A 100 kN
load cell with a 4 mm/min strain rate was used to perform the ten-
sile tests. Engineering stress vs engineering strain curve was obtained
from the tensile test data. The elastic modulus was calculated from
the slope of the linear region of the stress—strain curve. The ultimate
stress was determined at the maximum stress point. The elongation
was obtained at the strain at which the sample failed.

E. Statistical analysis

Five indents were performed on each sample using BioDent on
Age 0 and Age 5 polymers. Ten indents were done using OsteoProbe
on Age 0 polymers. Three samples of each Age 5 polymer were tested
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FIG. 3. BioDent nine parameter values of different polymers tested at Age 0 and Age 5. In each inset, polymers are sorted in descending order from left to right according to

Age 0 values.
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TABLE Ill. Mechanical properties of Age 0 and Age 5 polymers from tensile tests. Age 0 properties are collected from
TechSheets. Age 5 properties are averaged using three measurements.

Elastic Ultimate Tensile elongation
modulus (GPa) stress (MPa) at break (%)
Age0 Age5 Age0 Age5 Age0 Age5
PA2200 1.68 0.61 48.70 44.03 18.70 20.29
Protogen 2.25 191 43.00 46.03 12.00 13.82
WaterClear Ultra 2.88 1.21 55.50 32.21 7.50 71.71
ABS 2.24 N/A 27.40 N/A 1.85 N/A
PC 2.03 0.64 38.50 27.40 2.15 6.34
Fullcure720 2.50 1.53 57.50 32.15 20.00 27.74
Vero 2.60 1.50 47.50 30.34 12.50 12.93
PMMA 2.86 N/A 75.00 N/A 4.50 N/A
PC-ABS 1.83 N/A 34.40 N/A 4.65 N/A
TangoBlack N/A N/A 2.00 0.34 47.70 109.78
110 | . 25 ‘ 120 :
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FIG. 4. Linear correlation between nine BioDent parameters and elastic modulus (GPa). Pearson’s r and p-value (bolded for p < 0.05) are displayed next to each regression
curve.
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by tensile loading. The Age 0 tensile properties were collected from
TechSheets from multiple sources. One-way ANOVA examined the
statistical significance (p < 0.05) between BioDent parameters and
mechanical properties. The same analysis was performed between
BMSi and mechanical properties. Pearson’s correlation coefficient r
values were calculated for RPI parameters and mechanical properties
to demonstrate the strength of the linear association between two
variables.

lll. RESULTS

BioDent and OsteoProbe tested Age 0 and Age 5 polymer sam-
ples. Nine parameters obtained from BioDent for different polymers
are plotted in Fig. 3. In each subplot of Fig. 3, BioDent parameters
are compared between Age 0 and Age 5 polymers. The polymers
are sorted in each subplot in descending order from left to right
according to Age 0 values to better visualize the properties of dif-
ferent materials. The BioDent data are unavailable for TangoBlack
because it is too soft for the BP2 tip to apply the valid cyclic loading.

Among the Age 0 polymers, ABS-M30 has the largest first ID,
TID, and first CID but the smallest Av CID. PMMA has the low-
est first ID, TID, and Av ED. Its first CID and Av CID are also low.
Meanwhile, PMMA has the highest first US, Av US, and Av LS. Fol-
lowing PMMA, FullCure720 has the second largest first US, Av US,
and Av LS. However, unlike PMMA, which has a small Av CID,
FullCure720 gets the largest Av CID, IDI, and large first CID. PC
and PA2200 have large Av ED, which implies that this material can
dissipate more energy during loading.

When we compare the parameters between Age 0 and Age 5,
the polymers show significant property changes after aging, espe-
cially the Av ED, which increased around four times. The inden-
tation distance parameters, including first ID, IDI, TID, first CID,
and Av CID, increased after aging. On the contrary, the loading
and unloading slope of Age 5 decreased to half of Age 0’s. As the
Age 0 polymers in each inset are sorted in descending order, we can
easily see that the Age 5 polymers no longer follow the descending
order.

The mechanical properties of Age 0 and Age 5 polymers,
including elastic modulus, ultimate strength, and tensile elongation
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FIG. 5. Linear correlation between nine BioDent parameters and ultimate stress (MPa). Pearson’s r and p-value (bolded for p < 0.05) are displayed next to each regression

curve.
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at break, are shown in Table III. Pearson’s r values were calculated
using linear regression for Age 0 and Age 5 polymers to corre-
late the RPI parameters with the mechanical properties. Nine RPI
parameters from BioDent were correlated with the elastic modulus
(Fig. 4), ultimate strength (Fig. 5), and tensile elongation at break
(Fig. 6). BMSi from OsteoProbe was also correlated with these three
mechanical properties in Fig. 7.

The correlations between BioDent parameters and mechanical
properties are significant. For Age 0 polymers (green lines), the elas-
tic modulus is highly correlated with the loading slope (r = 0.82) and
unloading slope, including first US (r = 0.85) and AvUS (r = 0.87).
The distance-related RPI parameters, first ID (r = 0.79) and TID
(r = 0.76) correlate relatively highly with elastic modulus. For ulti-
mate stress, first US and AvUS are still the most correlated para-
meters, whose r = 0.85 and 0.83, respectively, followed by Av LS with
r=0.71. FirstID (r = 0.73) and TID (r = 0.70) also correlate relatively
highly with the polymer’s ultimate strength. Finally, the correla-
tion between tensile elongation at break and RPI parameters is

ARTICLE pubs.aip.org/aip/rsi

insignificant (p > 0.05). The most correlated parameter is AvCID
with r = 0.60 (p < 0.05), and other RPI parameters have a correlation
of r < 0.5 with elongation.

The linear regression curves for Age 5 polymers (orange lines)
are plotted in the same figures as those of Age 0. After aging,
the correlations between RPI parameters and mechanical properties
become weaker. Av ED (r = 0.73) is the most correlated para-
meter to elastic modulus, followed by Av US (r = 0.70) and first US
(r = 0.68). For correlation between RPI and ultimate stress, Av LS
has r = 0.69, while other parameters have r < 0.5 and p > 0.05.
Av US is the most correlated RPI parameter with Age 5 elongation
(r = 0.45). None of the linear correlations between RPI and
elongation is significant.

BMSi values were obtained from OsteoProbe for only Age 0
polymers. Figure 7 shows that BMSi is highly correlated with the
elastic modulus (r = 0.85) and ultimate stress (r = 0.81). On the other
hand, the correlation of BMSi with elongation is much lower, with r
=0.46 and p > 0.05, which exhibits no significance.
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IV. DISCUSSION

This study performed reference point indentation tests using
BioDent and OsteoProbe on nine 3D-printed polymers. Compared
with traditional characterization techniques to obtain the mechani-
cal properties from a stress—strain curve of polymers in a destructive
way, RPI can derive a displacement-force curve with a straightfor-
ward setup while keeping the sample intact. The tensile test is a bulk
measurement, while RPI is a localized surface measurement, and it
can apply a cyclic loading with a much smaller tip size at a micro-
scale. The indentation distance of the 3D-printed materials used
in this study was within 0.12 mm. It is important to note that the
printing layer thickness ranged from 0.02 to 0.35 mm, as indicated
in Table II. Consequently, the indentation only occurred within a
single layer or between multiple adjacent layers of the printed mate-
rials. Therefore, our findings demonstrate the correlation between
the local properties obtained from cyclic loading using RPI and
material’s bulk properties.

ABS has the largest first CID, but its Av CID is the smallest
among the studied polymers. Creep indentation distance measures
the local resistance to fatigue.”” Av CID is smaller than first CID
for most materials because the material has been compressed in
the iterative loadings. The significant difference between first CID
and Av CID indicates that ABS has low plasticity and undergoes
considerable strain hardening during the cyclic loading.

PMMA has very low indentation distance-related parameters
such as first ID, TID, and CID, but its loading and unloading slopes
are the highest. The loading and unloading slopes are stiffness-
related parameters and measures of hardness, showing the ability to
resist plastic deformation.'””* The energy dissipation of PMMA is
also the lowest. Thus, of all these polymers, PMMA is the stiffest and
hardest material that exhibits little plastic behavior.

FullCure720 ranks second in loading and unloading slopes, fol-
lowing the PMMA. However, unlike PMMA, FullCure720s first CID
and Av CID are large. That means that FullCure720 is stiff, but it can
creep.

To correlate RPI parameters with mechanical properties,
Pearson’s r was calculated for each RPI parameter in Figs. 4-7.
For freshly printed polymers, the elastic modulus is significantly

proportional to BMSi (r = 0.85), which is comparable to the study
by Tang et al.,'"* who reported r = 0.98 between BMSi and elastic
modulus from a tensile test on polymers. Elastic modulus is also
highly proportionally correlated with the loading slope and first
unloading slope with r = 0.82 and 0.85 because elastic modulus is
identified at the linear region of the loading slope from the ten-
sile stress—strain curve. However, Gallant et al.'’ obtained r = 0.44
between modulus and first US from rat bone, which shows less cor-
relation. This result could be due to the inhomogeneity of the bone
material. Sample properties may have larger variations as RPI per-
forms localized indentation. Due to the limited study of RPI on
polymers, most comparisons between our results are made with
bone studies reported in the literature. Elastic modulus is inversely
correlated with TID (r = 0.76) and Av ED (r = 0.68), which agrees
with other studies' "’ that concluded the inversely proportional cor-
relation for bone. Total indentation distance and energy dissipation
indicate plasticity, which is inversely proportional to modulus in
most cases. Studies' " showed that elastic modulus negatively cor-
relates with IDI. However, that correlation in our result is extremely
low, with r = 0.04, which barely shows any correlation.

Ultimate stress is another mechanical property that highly
correlates with RPI parameters. Ultimate stress is proportionally
correlated with BMSi (r = 0.81), first US (r = 0.85), Av US (r = 0.83),
and Av LS (r = 0.71). Rasoulian'® also showed a significant posi-
tive correlation between Av US and ultimate stress by studying age
effects on porcine bones. More studies'”'**”*’ found that ultimate
stress and yield stress of bone materials are negatively correlated
with TID, which agrees with our results. Gallant ef al.!’ reported a
correlation of ultimate stress with TID and first ID obtained from
bone tests as r = 0.48 and 0.36, respectively, smaller than ours
(r = 0.70 and 0.73, respectively). The main reason could be again
due to the inhomogeneity of bone structure.

Finally, the correlations calculated between elongation and RPI
parameters are insignificant except between elongation and Av CID
r = 0.6 (p < 0.05). Polymer’s elongation at break is sensitive to multi-
ple factors such as the tensile strain rate during testing, printing and
loading directions, polymer’s crystallinity and cross-linking density,
and temperature. Yet, RPI performs indents on a microscale, which
may not reflect the bulk elongation trend. Elongation of polymers
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may display significance at a larger scale due to the long molecular
chains.

Brostow and Zhang® showed that a tensile elongation at the
break of polymers has a strong correlation (r* = 0.821) with Vick-
ers hardness, which uses a much larger tip to perform indentation.
A comparison study using Vickers hardness, RPI, and nanoinden-
tation could reveal a better correlation to examine the correlation
between RPI and elongation at break.

Compared to Age 0 polymers, the Age 5 polymers have lower
elastic modulus, lower ultimate stress, and higher elongation. Poly-
mer aging, involving changes with time, is a complex process.
Polymer aging may include physical, chemical, thermal changes,
photochemical changes, or a combination.”’ Many factors, such as
temperature, moisture, ultraviolet light, and weathering, can lead to
aging. Furthermore, curing temperature and degree of crystallinity
can influence aging. 3D printers deposit layers additively, and the
fast cooling during printing may cause high-temperature gradients,
leading to high residual stresses. Residual stress has a substantial
impact on the mechanical properties. Over five years, stresses may
be partially relieved due to physical aging that involves molecular
relaxations.’’ In addition, samples were placed on a shelf in the lab
where the temperature was controlled at 20 °C, but they occasionally
were exposed to indoor lighting.

We assume that the main reasons for the studied polymers’
aging were physical aging and photo aging. The chosen 3D-printed
polymers are all amorphous materials except for PA2200, which is
semi-crystalline. Secondary crystallization might have occurred in
the amorphous region. It could be further accelerated by the chain
scission by photo aging, causing residual stress in the polymer and
leading to low mechanical properties.

We also observed that the correlations between the RPI para-
meters and mechanical properties became insignificant for Age 5
polymers. The significant property changes of Age 5 polymers may
be due to the material properties varying along the sample depth
profile due to photo aging and oxidation. Under photo aging, the
sample surface would suffer heavier molecular degradation and
other changes along the sample depth profile.”””’

Studies investigating the aging of 3D printed polymers gener-
ally have focused on accelerated aging due to temperature, moisture,
or radiation.””"* In a study most closely related to our work,
Bochnia®® tested in tension two 3D printed polymers, VeroWhite
and FullCure720, at Age 0 and eight years after storage in the lab-
oratory. He reported significant changes in the elastic modulus and
tensile strength as a function of age and printing orientation.

This study has several limitations. Including more samples
with a broader range of polymer properties could give better lin-
ear correlations. In addition, we took the tensile properties from
TechSheets on 3D-printed polymers at Age 0. While we observed
similar properties in our study compared to the tensile test mea-
surements conducted on Age 0 polymers in our lab, it is important
to note that our comparison was based on results from only one
sample for each polymer type. This limited sample size may intro-
duce variability and potential bias in the findings. In addition, it
is worth mentioning that the OsteoProbe device was not available
during Year 5 of our study. As a result, we could not present Age 5
OsteoProbe results in our analysis.

In this study, we compared the RPI results with the tensile prop-
erties of polymers while the RPI applies compressive loadings. We

ARTICLE pubs.aip.org/aip/rsi

used the tensile test results for two main reasons. Material man-
ufacturers typically list the tensile properties of polymers in their
datasheets. Second, the ultimate tensile strength of polymers is chal-
lenging to interpret due to strain hardening. Future studies could
investigate the correlations of the RPI results with compressive test
results to better understand the RPI outputs.

Furthermore, it should be noted that we purchased the 3D-
printed materials used in this study from a commercial lab, and
thus, there was limited control over the printing parameters. A more
detailed investigation into the sample processing could be explored
in future studies to enhance further the understanding and control
of the 3D-printed material properties.

Regarding the aged samples, prolonged exposure to the atmo-
sphere may result in surface aging effects. To gain deeper insights
into the aged samples, future study could employ the RPI tech-
nique by cutting the sample in half and conducting measurements
on those newly opened surfaces. This approach would help mini-
mize the influence of indentation on the oxidized surface, enabling
a more focused analysis of the internal properties of the material.
Such experiments would allow for deeper understanding of polymer

aging.

V. CONCLUSIONS

Reference point indentation (RPI) is a nondestructive tech-
nique that can apply cyclic microindents on the sample surface.
The RPI parameters obtained from BioDent (nine parameters) and
OsteoProbe (BMSi) were linearly correlated with the mechanical
properties determined from tensile tests to understand better how
the RPI outputs relate to polymer properties. Measurements were
performed on nine distinct 3D-printed polymers. Only correlations
that achieved statistical significance (p < 0.05) were considered. For
the Age 0 polymers, the elastic modulus is highly correlated with Av
unloading slope (r = 0.87), first unloading slope (r = 0.85), BMSi
(r = 0.85), loading slope (r = 0.82), first ID (r = 0.79), and TID
(r = 0.76). Ultimate stress is mostly correlated with first unloading
slope (r = 0.85), Av unloading slope (r = 0.83), BMSi (r = 0.81),
ID (r = 0.73), Av loading slope (r = 0.71), first and TID (r = 0.70).
The most correlated RPI parameter to elongation at break is Av
CID with r = 0.60. In addition to the study of Age 0 polymers,
Age 5 polymers were found to have changed mechanical proper-
ties and were less correlated with the RPI parameters. This study
demonstrates the potential of RPI to assess the mechanical proper-
ties of polymers nondestructively. Furthermore, for the first time,
3D-printed polymers and aged polymers were investigated with
RPIL
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