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Acceleration of Fracture Healing in Mouse Tibiae Using
Intramedullary Nails Composed of f-Type TiNbSn Alloy with
Low Young’s Modulus
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The optimal Young’s modulus of material of orthopedic devices for fracture treatment is still unknown. The
purpose of present study was to evaluate the impacts of intramedullary nails composed of a titanium alloy
with low Young’s modulus, on accelerating fracture healing compared with stainless steel with high Young’s
modulus. A B-type TiNbSn alloy with a low Young’s modulus close to that of human cortical bone was
developed for clinical application. TiNbSn alloy with a Young’s modulus of 45 GPa and stainless steel with
a Young’s modulus of 205 GPa were compared, with respect to the impacts on fracture healing. Fracture
and fixation using intramedullary nail were performed on the right tibiae of C57BL/6 mice. The assessment
of bone healing was performed via micro-computed tomography, histomorphometry, and quantitative
reverse transcription polymerase chain reaction. In micro-computed tomography, larger bone volumes
were observed in the fracture callus treated with TiNbSn alloy in comparison with those treated with
stainless steel. Histological assessments confirmed accelerated cartilage absorption and new bone
formation in the TiNbSn alloy group compared with the stainless steel group. The expression of Col1aft,
Runx2, Dkkl, and Acp5 was higher in the TiNbSn alloy group, while that of Col2al and Coll0al was lower in
the late phase. The present study demonstrated that the fixation by intramedullary nails with TiNbSn alloy
offered an accelerated fracture healing with promotion of bone formation via increased Runx2 expression.
TiNbSn alloy might be a promising material for fracture treatment devices.
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lus between the cortical bone and biomedical materials

Introduction evokes stress shielding by inhibiting weight-bearing trans-

Stainless steel together with titanium alloys are widely
used in orthopedic implants for fractures as biomedical
materials (Long 2008). Especially, titanium alloys are gen-
erally preferred for orthopedic applications because of their
excellent biocompatibility and corrosion resistance (Uhthoff
et al. 1981; Khan et al. 1999; Rack and Qazi 2006; Cui et
al. 2011). Ti6Al4V alloy, the commonly used biomedical
titanium alloy, has a lower Young’s modulus (110 GPa)
than that of stainless steel (205 GPa) (Long and Rack
1998). However, the Young’s modulus of Ti6AI4V is still
much higher than that of human cortical bone (11-20 GPa)
(Bayraktar et al. 2004). The divergence in Young’s modu-

mission (Maistrelli et al. 1991; Huiskes et al. 1992;
Glassman et al. 2006). Fracture fixation devices with
excessive rigidity were reported to lead poor results, such
as suppressed callus formation, delayed fracture healing
and non-union (Molster et al. 1982, 1983; Henderson et al.
2011; Ebraheim et al. 2013). In contrast, the previous stud-
ies demonstrated that intramedullary nails of titanium alloy
with low Young’s moduli have indicated enhanced fracture
healing in terms of bone strength after fracture union and
imaging studies, and these functional materials could pre-
vent bone atrophy due to stress shielding (Sha et al. 2009;
Niinomi and Nakai 2011).
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To resolve these negative effects of Ti6Al4V alloy on
bone, a new f-type TiNbSn alloy with a lower Young’s
modulus of nearly 40 GPa was developed (Matsumoto et al.
2005; Miura et al. 2011). This TiNbSn alloy also has
greater tensile strength, compared with Ti6Al4V alloy via
heat treatment (Jung et al. 2013). Furthermore, TiNbSn
alloy showed excellent biocompatibility, similar to that of
Ti6Al4V alloy when inserted into the medullary canals of
rabbits femurs as rods, similarly with reduced cytotoxicity
in the osteoblasts culture tests on the TiNbSn alloy discs
(Miura et al. 2011). TiNbSn alloy anodized with acetic acid
and sulfuric acid also showed greater abilities for the for-
mation of hydroxy apatite, strong bone connection, and
superior osseointegration (Tanaka et al. 2016; Masahashi et
al. 2017; Kunii et al. 2019; Masahashi et al. 2019). In con-
trast, TiNbSn alloy anodized with sodium tartrate exhibited
superior photoactivity under ultraviolet light irradiation,
which might be useful for antibacterial activity (Masahashi
et al. 2021). The stiffness and Young’s modulus of TiNbSn
alloy gradually increased by heat treatment at temperatures
above 423 K, and TiNbSn alloy was demonstrated as a
functionally graded material (Hanada et al. 2014). In ani-
mal experimental models of rabbit tibia osteotomy and
murine tibia fracture using intramedullary nails made of
TiNbSn alloy, these nails were shown to be more effective
in promoting bone healing than the Ti6Al4V alloy and
TiNbSb alloy, whose Young’s moduli are increased upon
heating (Fujisawa et al. 2018; Kogure et al. 2019).
However, no comparative study has been done on the pro-
cess of bone healing when there is a large difference in
Young’s moduli of intramedullary nails such as between
TiNbSn alloy and stainless steel. By comparing materials
with such a large difference in Young’s modulus, the
authors considered the possibility of clarifying the molecu-
lar biological mechanism of the effect of the difference in
Young’s modulus on fracture treatment.

The aim of the present study was to determine the
effect of the elastic modulus of intramedullary nails on frac-
ture healing. To assess this, the impacts of TiNbSn alloy
and stainless steel intramedullary nails on bone healing
were investigated. Radiological, histological, and molecu-
lar biological assessments were performed to clarify the
modulus-dependent effects of TiNbSn alloy and stainless
steel on bone healing behavior.

Materials and Methods

Preparation of the wire of TiNbSn alloy

The composition of the TiNbSn alloy ingot was
Ti-25.4% Nb-9.9% Sn (mass; %), TiNbSn alloy rod was
fabricated from ingot by extrusion and swaging. The rod
was drawn into a thin wire with a diameter of 0.4 mm. The
details of preparation of TiNbSn alloy wire were described
in the literature (Fujisawa et al. 2018). The Young’s modu-
lus of the drawn wire was measured using the free reso-
nance vibration method (45 GPa).

Animals

C57BL/6 mice were purchased from Charles River,
Japan (Tokyo, Japan). All mice were housed in the Animal
Experiments Facilities of Tohoku University, which is an
environmentally controlled and specific pathogen-free facil-
ity. The animal experiment protocol was reviewed and
approved by the Animal Studies Committee of Tohoku
University (2014-MdA245). 12-week-old male mice were
used for all experiments in the present study.

Surgical procedure

The surgical procedures were performed under inhala-
tion anesthesia with 2% isoflurane (Forane; Abbott,
Wiesbaden, Germany). The standardized closed transverse
fractures were created in the tibial diaphysis using a frac-
ture device, followed by intramedullary insertion of the
TiNbSn alloy and stainless steel (SUS304: Natsume
Manufacturing, Tokyo, Japan) wires (Young’s modulus, 45
and 205 GPa, respectively) into the right tibiae, as previ-
ously described (Kamimura et al. 2015; Mori et al. 2016).
The wires with 0.4 mm in a diameter and 17 mm in a length
were used as intramedullary nails. This fracture device
worked by a blunted guillotine driven by dropping a 230
gram weight from a height of 17 cm. All mice with surgical
procedure were allowed to move freely in their cages
immediately after surgery. The mice were euthanized in a
carbon dioxide gas chamber at 7-28 days after surgery.
After the euthanasia, the tibia was detached from the over-
lying skin and femur, leaving the surrounding muscles
intact.

Micro-computed tomography (Micro-CT)

The harvested tibiae for micro-CT analyses were
stored in 70% ethanol at 4°C. Micro-CT imaging was done
14 days after fracture. Micro-CT analyses were performed
using a micro-CT scanner (Scan Xmate-L090; Comscan
Techno Co. Ltd., Yokohama, Japan) operating at a peak
voltage of 75 kV and 100 uA. The scanned area were 253
images of proximal and distal to the fracture line at a reso-
lution of 10.4 um per voxel, and the resolution of images
was 516 x 506 pixels. The parameters including total vol-
ume (TV; mm?), bone volume (BV; mm?), bone volume
ratio (BV/TV; %), and percentage of new cortical shell area
(new cortical shell area/total volume; %) were evaluated
and calculated at the axial slice with the maximal cross-sec-
tional area of the callus, using image analysis software
(ImageJ version 1.50), as described previously (n = 6 per
group) (Kamimura et al. 2015).

Histological analysis

The tibiae were fixed through immersion in 4% para-
formaldehyde for 48 hours and then transferred to 30%
sucrose in 0.1 M phosphate-buffered saline (pH 7.4) for 24
hours. Histological analyses were performed at 7, 10, and
14 days after fracture. The intramedullary nails were
removed before embedding the specimen for histological
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analysis. The tissues were positioned in embedding
medium for the frozen tissue specimen (Tissue-Tec; Sakura
Finetek, Torrance, CA, USA), stored at —80°C until they
were sectioned. Sagittal cryosections (thickness, 7 um) of
undecalcified fracture calluses were prepared with use of a
cryostat (Bright, Huntingdon, UK) with a disposable micro-
tome blade (S35 Fine; Feather Safety Razor, Osaka, Japan)
using a tape transfer method (Cryofilm Type IIC; Section-
lab, Hiroshima, Japan). The details of the tape transfer
method were described in the previous report (Mori et al.
2016). Tissue sections those were attached to the tape were
placed on a glass slide with the specimen side up. The sec-
tions were individually stained with Alcian blue, hematoxy-
lin and eosin. Cartilage tissue and newly formed bone were
measured using Image] software (version 1.53) according
to the American Society for Bone and Mineral Research
guidelines (Dempster et al. 2013). The sections after stain-
ing were examined and photographed using an Olympus
BX51 microscope with a DP73 digital camera (Olympus,
Tokyo, Japan) and analyzed using CellSens software
(Olympus).

Quantitative reverse transcription polymerase chain
reaction (RT-PCR)

The callus specimens were harvested at 7, 10, and 14
days after surgery. Callus specimens were collected from
six mice in each group on days 7, 10, and 14, for a total of
36 mice in both groups were used for the RT-PCR analysis.
Muscles and original bone were separated from the cal-
luses. Quantitative RT-PCR was performed as previously
described (Izumiyama et al. 2019). The extraction of total
RNA was performed using TRIzol (Invitrogen Corp.,
Carlsbad, CA, USA) and RNeasy Mini Kit (Qiagen, Hilden,
Germany). Synthesis of cDNA from the total RNA was
performed using cDNA reverse transcription kit (Applied
Biosystems, Foster City, CA, USA). Real-time amplifica-
tion of the target genes was performed using Tagman
Universal Master Mix II with Uracil-N glycosylase and
ready-to-use Tagman Gene Expression Assays (Applied
Biosystems) for collagens (Collal, Mm00801666 gl;
Col2al, Mm01309565 ml; Coll0al, Mm00487241 ml),
runt-related transcription factor 2 (Runx2, Mm00501584
m1l), dickkopf-related protein 1 (Dkkl, Mm00438422 ml),
acid phosphatase 5 tartrate resistant (Acp5, Mm00475698
ml), and Glyceraldehyde-3-phosphate dehydrogenase
(Gapdh, Mm99999915 g1) as an endogenous control.
Relative gene expression data were calculated using the
delta-delta-Ct method with PCR-efficiency correction using
StepOne software (version 2.2.2; Applied Biosystems).

Statistical analysis

Statistical analyses were performed using JMP soft-
ware version 16 (SAS, Cary, NC, USA). All data are
expressed as the mean + standard deviation (SD). The sta-
tistical significance of the differences between values was
evaluated using Student’s f-test and one-way analysis of

variance with the Tukey-Kramer test. Value of P < 0.05
was regarded as statistically significant.

Results

Radiographic findings

Fig. 1 shows representative radiographic images of the
fracture model. All fractured tibiae healed without non-
union and nail failure. A cartilage callus formation started
at 7 days after fracture, and a bony callus was detected until
14 days after fracture. A new bony cortical shell around the
callus was established until 21 days after fracture in both
groups. On day 28, the fracture healing and bone remodel-
ing process were completed in both groups.

Micro-CT analysis

Micro-CT images of calluses harvested at day 14
showed the formation of calcified bony callus around the
fracture site in both groups. The TiNbSn alloy group
showed increased density in the calcified callus area in
comparison with the stainless steel group (Fig. 2). The
quantitative analyses of the structure of fracture calluses are
shown in Fig. 3. There was no significant difference in the
TV between the groups. In contrast, BV was significantly
higher in the TiNbSn alloy group than in the stainless steel
group (P < 0.001). There was a significant difference in
BV/TV between the groups (P < 0.001). Furthermore, there
was a significant difference in the outer cortical shell forma-
tion between the groups on 14 days after fracture (P <
0.001) (Fig. 3).

7d 10d 14d 21d 28d
Stainless
Steel
TiNbSn
alloy

Fig. 1. Representative radiographic images of fractured tibiae
during fracture healing in the stainless steel and TiNbSn
alloy groups.

There were no cases with non-union and implant failure.
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Histological analysis

The area stained with Alcian blue indicated cartilagi-
nous tissue in the fracture callus. The trend of tissue repair
and remodeling showed that cartilaginous absorption and
bone formation proceeded from the periphery to the center
of the callus in both groups. On day 7, cartilaginous tissue
occupied the most of calluses, demonstrating positive
Alcian blue staining in both groups. The TiNbSn alloy
group showed an advanced peripheral new bone formation
compared to the stainless steel group (Fig. 4). At days 10
and 14, new bone formation at the peripheral area of callus
(arrows) and absorption of the cartilaginous tissue (stars)
were proceeded in the TiNbSn alloy group compared with
the stainless steel group. On day 14, most of the fracture
calluses in the TiNbSn group were replaced by newly
formed bone from the cartilaginous tissue.

Quantitative histomorphometric analyses were per-
formed to assess the differences between the groups in frac-
ture callus. No significant differences in the total volume of
callus area between the groups were observed on days 7,
10, and 14 (Fig. 5A). The cartilaginous area significantly
decreased with time on days 7, 10, and 14 in the TiNbSn
alloy group (day 7 vs. day 10, P =0.037; day 10 vs. day 14,
P =0.015). Furthermore, there was a significant difference
between the two groups on day 14 (P = 0.013) (Fig. 5B).
The area of newly formed bone increased significantly with
time on days 7, 10, and 14 and was significantly larger in
the TiNbSn alloy group than in the stainless steel group on
days 7, 10, and 14 (P = 0.041, P < 0.001, and P < 0.001,
respectively) (Fig. 5C).

RT-PCR analysis

The results of quantitative RT-PCR analyses for the
expression of Collal, Runx2, Col2al, CollOal, Dkkl, and
Acp5 are shown in Fig. 6. Expression of the osteogenic
gene Collal increased progressively until day 14 in both
groups, especially with a significant difference in the
TiNbSn alloy group (day 7 vs. day 10, P = 0.023; day 10
vs. day 14, P=0.016). Furthermore, there was a significant
difference between the two groups on day 14 (P = 0.029)
(Fig. 6A). Likewise with Collal, the expression of Runx2
was elevated over time until 14 days after fracture with a
significant difference in the TiNbSn alloy group (day 7 vs.
day 10, P = 0.017; day 10 vs. day 14, P = 0.022). There
were significant differences between the two groups on day
10 and 14 (P =0.032 and P = 0.028) (Fig. 6B). The expres-
sion of the chondrogenic gene Col2al was significantly
decreased in the TiNbSn alloy group on day 14 (P <0.001),
with a significant difference in expression between the
groups on day 14 (P = 0.011) (Fig. 6C). There was a sig-
nificant difference in the expression of Coll/0al on day 14
between the groups (P = 0.039) (Fig. 6D). The expression
of Dkkl was increased until day 14 in both groups, with a
significant difference in the TiNbSn alloy group (day 10 vs.
day 14, P < 0.001), in addition to a significant difference
between the two groups on day 14 (P = 0.011) (Fig. 6E).

Fig. 2. Micro-CT images of the fracture callus in the stainless
steel and TiNbSn alloy groups at 14 days after fracture.
Representative axial image of the fracture callus in the
stainless steel group (A) and the TiNbSn group (B).
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Fig. 3. Quantitative structural analyses of the fracture calluses
in micro-CT images.
(A) Total volume of fracture callus. (B) Bone volume of
fracture callus. (C) Ratio of bone volume to total vol-
ume. (D) Ratio of formatted outer cortical shell in the
fracture callus. Results are expressed as the mean £ SD
(n=06). ***P <0.001 using Student’s r-test.

Expression of the osteoclastic gene Acp5 significantly
increased progressively in both groups until day 14 (stain-
less steel group, day 10 vs. day 14, P <0.001; TiNbSn alloy
group, day 10 vs. day 14, P < 0.001) and was significantly
higher in the TiNbSn group than in the stainless steel group
on day 14 (P =0.017) (Fig. 6F).

Discussion

In this study, the impacts of Young’s modulus on the
mechanical property in intramedullary nails fixation during
fracture healing was investigated by comparing the effects
of TiNbSn alloy and stainless steel, which had a large
Young’s modulus difference. In TiNbSn alloy group, the
results of micro-CT, histomorphometric, and RT-PCR anal-
yses demonstrated facilitated cartilaginous tissue replace-
ment and new bone formation at the fracture callus in com-
parison with the stainless steel group. The low Young’s
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Fig. 4. Representative histological images of fracture healing.
Stars, Alcian blue-stained area indicating cartilaginous tissue; arrows, new bone formation area.
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Fig. 5. Quantitative analysis of the histological images of the fracture calluses.
(A) Total volume of fracture callus. (B) Ratio of cartilaginous tissue volume. (C) Ratio of bone tissue volume. Results
are expressed as the mean = SD (n = 6). *P < 0.05, ***P < 0.001 using one-way analysis of variance with the Tukey-

Kramer test.

modulus of TiNbSn alloy could promote fracture healing by
increased bone formation due to the enhancement of osteo-
genesis by promoting Runx2 expression in the fracture cal-
lus.

The results of micro-CT and histomorphometric analy-
ses demonstrated that the differences in the Young’s modu-
lus of the nails did not affect the total volume of callus,
even in a comparison using materials with large differences
in Young’s modulus. The difference in Young’s modulus
was not related to the volume of the callus, but had an effect
on the amount of bone formation. These results demon-
strated the increase in new bone formation at the callus
treated with the TiNbSn alloy, and were consistent with
those of previous study (Fujisawa et al. 2018). The motion
between bone fragments was considered to affect callus for-
mation and fracture healing (Claes et al. 1997; Utvag and
Reikeras 1998; Utvag et al. 1999; Augat et al. 2003), with
axial interfragmentary motion exerting positive effects on

bone healing. Adequate motion between bone fragments
could contribute to accelerate callus maturation and pro-
duces mechanical strength. In the comparison between
TiNbSn alloy (45 Gpa) and stainless steel (205 GPa), the
greater difference in the formation of new bone within the
callus than between untreated (45 Gpa) and heated TiNbSn
alloy (78 GPa) was speculated to be due to the difference in
Young’s modulus. There were reports showing that fracture
treatment plates made of Ti29Nb13Ta4.6Zr with a low
Young’s modulus tended to promote bone healing, although
quantitative evaluation had not been performed (Sumitomo
et al. 2008; Niinomi and Nakai 2011). The authors consid-
ered these reports to be consistent with the results of the
present study using intramedullary nails made of TiNbSn
alloy. Together, these findings indicate that TiNbSn alloy
nails have adequate elastic characteristics, and their reduced
Young’s moduli seem to provide adequate motion between
bone fragments and accelerated fracture healing. However,
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Fig. 6. Quantitative analyses of mRNA expressions of chondrogenic, osteogenic, and osteoclastic genes.
(A) Collal, (B) Runx2, (C) Col2al, (D) Coll0Oal, (E) Dkkl, and (F) Acp5. Results are expressed as the mean = SD (n
=6). *P<0.05, ***P <0.001 by one-way analysis of variance with Tukey-Kramer test.
Col, collagen; Runx2, runt-related transcription factor 2; Dkk1, dickkopf-related protein 1; AcpS5, acid phosphatase 5,

tartrate resistant.

the optimal Young’s moduli might differ among different
types of experimental models and orthopedic devices. The
effect of accelerated bone healing with TiNbSn alloy plates
in a rabbit tibial osteotomy model was also tested in another
experiment.

It is still unclear how fracture healing will improve
after fixation with a low Young’s modulus orthopedic tita-
nium alloy implants. A small number of studies have evalu-
ated the relation between material property and changes in
molecular expressions during fracture healing. The less
rigid fixation methods promoted chondrogenesis, extracel-
lular matrix expression, and expression of genes associated
with osteogenesis (Heiner et al. 2006; Palomares et al.
2009; Fujisawa et al. 2018). However, increased motion
between bone fragments might not always induce the
upregulation of cartilaginous genes expression. A previous
study reported that when small bending motions were
applied to the fracture site, there was a trend toward
decreased expression of chondrogenic markers during and
after the stimulation period compared to rigid fixation.
(Smith-Adaline et al. 2004). In the present study, quantita-
tive RT-PCR was performed to assess the expression of
Collal, Runx2 and Dkkl as osteogenic markers, Col2al
and Coll0Oal as chondrogenic markers and Acp5 as an
osteoclastic marker. Significant differences were observed
in the expression of osteogenic and chondrogenic markers
between the groups, the results of quantitative RT-PCR
were consistent with those of the histomorphometric and

micro-CT analyses. In contrast, the expression of Dkkl was
paradoxically increased during the fracture healing process
in both groups, and there was a significant difference on day
14 between the groups. Dkk1 is secreted by osteocytes for
the suppression of osteoblast function (Kim et al. 2007).
The expression of Collal and Runx2 significantly increased
during fracture healing and was higher in the TiNbSn alloy
group. Since Runx?2 is an essential factor for osteoblast dif-
ferentiation (Komori et al. 1997), the authors considered
that the elevation of Runx2 induced the favorable effects
for the osteogenesis in TiNbSb alloy group. Although it
was paradoxical that Dkkl increased with the progression
of ossification in the fracture callus, the authors considered
the possibility that negative feedback regulation was
involved where ossification was promoted, especially in the
TiNbSn group. The authors speculated that these results
might have been observed due to the large difference in
Young’s modulus between TiNbSn alloy and stainless steel.
The expression of Acp5 was significantly higher in the
TiNbSn alloy group at 14 days after fracture. These find-
ings on Acp5 expression might indicate that osteoclast
activity was increased in the TiNbSn alloy group, promot-
ing cartilage callus resorption and bone remodeling. In a
previous study, the effects of Young’s moduli on fracture
healing were assessed for a TiNbSn alloy (45 GPa),
Ti-6Al1-4V alloy (110 GPa), TiNbSn alloy (45 GPa), and
annealed TiNbSn alloy (78 GPa) (Fujisawa et al. 2018;
Kogure et al. 2019). Comparison between the TiNbSn alloy
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(45 GPa) and the annealed TiNbSn alloy (78 GPa) demon-
strated the limited differences in the results of RT-PCR
analyses due to their comparatively small difference in
Young’s moduli (45 GPa vs. 78 GPa). In contrast, the dif-
ference in the Young’s modulus between the TiNbSn alloy
(45 GPa) and stainless steel (205 GPa) was large; therefore,
evident differences were demonstrated in the osteogenic,
chondrogenic and osteoclastic markers between the groups.

The stainless steel (SUS304) used in this study con-
tains 18% chromium and 8% nickel, and the toxicity of
nickel might have affected the process of fracture healing
(Niinomi et al. 2012). New nickel-free cobalt-chromium
and stainless steel materials are being developed, and future
studies in comparison with such materials are expected. In
this study, we employed a simple experimental system
without a gyratory prevention mechanism. In a future
study, the effects of the differences in Young’s moduli on
fracture healing should be assessed in an experimental
model of intramedullary nails with a gyratory prevention
and plate system for fracture treatment. Further studies in
larger animals are necessary for future clinical applications.
The authors have developed a hip arthroplasty stem made
of TiNbSn alloy (Hanada et al. 2014) and a clinical study
was performed (Approval number of ethical committee of
Tohoku university hospital: #201506-1). It was confirmed
that the durability, biological affinity and corrosion resis-
tance were equivalent to those of a conventional Ti6Al4V
alloy prosthesis before the clinical study. The results of the
TiNbSn alloy hip prosthesis will be reported in another
study. Since TiNbSn alloy has achieved safety, durability,
and material availability, the final goal of the future research
is to achieve clinical application of TiNbSn alloy as a frac-
ture treatment material and shorten the fracture treatment
period.

In conclusion, with the development of the new mate-
rial with enhanced mechanical characteristics, an intramed-
ullary nail with a lower Young’s modulus and enough
mechanical strength has been introduced. Intramedullary
nails composed of a TiNbSn alloy offers an acceleration of
new bone formation and fracture healing compared with
stainless steel nails. TiNbSb alloy has the potential to
shorten the fracture treatment period and is a promising
material for orthopedic implants, including fracture treat-
ment materials.
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