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ABSTRACT
This article examines the validity of a test method to determine the torsion strength of
bioceramics under in-vivo-mimicking circumstances. The torsion test setup consisted of upper
and lower grip jigs, designed to grip dog bone-type bioceramic specimens, and an opening
torque tester for PET bottles. A specimen was set on the torque tester through the lower grip
jig at the bottom, and the upper grip jig was then mounted on the top end of the specimen.
The upper grip jig was rotated by hand to apply torque until the specimen was fractured by
the torsion. The torsion strength was calculated using the maximum torque at fracture and
the gage diameter. Five calcium phosphate bioceramics were employed for the torsion test.
The torsion strength data obtained by this method agreed closely with data measured using
a material testing machine with a convertor from the linear crosshead motion into the
rotation. Round-robin tests among four different organizations in Japan revealed that the
torsion strength data showed good agreement for each sample immersed for 24 hr under
phosphate-buffered solution as in-vivo-mimicking circumstances. These results verified the
ability of the easy-to-use torsion method to give appropriate strength data with a simple
experimental setup.
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1. Introduction

Bioceramics are regarded as key materials among
advanced technologies because they play a role in
many promising applications designed to improve
people’s quality of life in our aging society [1]. As
society ages, the elderly will encounter problems such
as bone fracture when they fall accidentally as well as
gradual bone collapse resulting from osteoporosis
(bone loss due to aging). To turn damaged human
bones to an almost healthy condition, development of
bioceramics is considered to be the task of pressing
urgency [2].

In the past, dense α-Al2O3 ceramics have been
used for bone implantation and restoration, but it
became apparent that the patients found it difficult
to have α-Al2O3 artificial bones replaced regularly (at
about 10-year intervals). In order to avoid this pro-
blem, porous apatite ceramics have been developed,
in which cells can penetrate into the pores and pro-
liferate. And artificial bones (porous apatite ceramics)
directly bind to natural bone at an early date [3–10].
This makes it clear that bioceramics must be strong
enough not to be fractured or seriously damaged,
even when subjected to abrupt loading during a clin-
ical course. Until recently bending tests [5–7,10] have
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been used to measure the strength of bioceramics, but
torsion (or shear) tests have not been applied.

Torsion tests first appeared in the literature [11–13]
in the 1950s in the engineering ceramics field. They
later came to be used as a part of multiaxial fracture
criterion studies, because the stress state σ1 = −σ2 is
pure torsion (σi stresses are principal stresses). The
inclined-surface crack in flexure [14,15], biaxial ten-
sion by ball on ring [16], diametrical compression [17],
and antisymmetrical bending [18] methods were also
proposed for such the studies, but the tension/torsion
test was considered the most fundamental test method.
In 1981, Petrovic and Stout [19,20] reported tension/
torsion tests of α-Al2O3 rod specimens, in which the
principal stress ratio σ2/σ1 was changed from 0 (pure
tension) to −1 (pure torsion) and found that the tensile
fracture strength σ1f increased with increases in the
principal compressive stress σ2. In their following arti-
cles [21,22], they also conducted axial tension, hoop
tension, balanced biaxial tension, balanced tension-
compression, and pure torsion tests for α-Al2O3 tube
specimens. They reported, however that the balanced
biaxial tensile strength was 10% lower than the uniax-
ial tensile strength, although no change was observed
in the balanced tensile/compression strength, and also
that the pure torsion strength was 16% higher than the
uniaxial tensile strength. These controversial results
were picked up again by Kim and Suh [23], who also
investigated the tension/torsion behavior of α-Al2O3

tube specimens to consider the effect of minimum
principal stress. Recently, torsion tests are also applied
in the research on fatigue [24,25], PZT materials [26],
and joining [27].

Conducting tension/torsion or pure torsion tests
of bioceramics in the conventional way requires a
material testing machine equipped with axial/rota-
tional two-way grip chucks [28] (a system with a
total cost as high as $100,000). We must also prepare
(1) dog bone-type specimens, (2) metal chuck sleeves,
(3) a good setting alignment and strong bonding
between the specimen and chuck sleeve, and (4) a
multiple control system in which load and torque can

be controlled simultaneously. Experts in mechanical
testing can then conduct the tests, but the manufac-
turers and users of bioceramics cannot. As an alter-
native, we can purchase a more compact torsion
tester [29] based on the lathe turning machine, but
these are designed for torsion tests only. Since the
cost will be several tens of thousands of dollars, it is
not easy to prepare these machines, either.

With a view to the restricted conditions for torsion
tests, the present authors have recently proposed an
easy-to-use torsion test method for bioceramics [30].
This method requires only an opening torque tester
for PET bottles [31] (costing approximately $1,000)
and simple grip jigs to enable anyone to conduct
torsion tests anywhere with no special expensive
setup. In a previous article [30], the present authors
optimized this torsion test method by changing the
specimen geometry and improving the jig mechanism
to prevent bending moments and axial loading dur-
ing torsion testing, and showed reasonable torsion
strength data for blackboard chalk and five types of
hydroxyapatite ceramics with different porosities.

In this article, we verify that the torsion strength
data acquired by the easy-to-use torsion test method
is accurate by comparing it with torsion strength data
measured using a material testing machine equipped
with a linear displacement/rotation convertor (using
a rack-and-pinion gear system). For simplicity, the
tests were done in air at ambient temperature. In the
following, we confirm that good agreement can be
seen in easy-to-use torsion strength data from four
different organizations. In this test, the specimens

Table 1. Samples to be tested in torsion.

Sample Material
Nominal
porosity/%

A Hydroxyapatite 75
B Hydroxyapatite 75
C Hydroxyapatite 50
D Hydroxyapatite/tricalcium phosphate

composites
35

E Hydroxyapatite/tricalcium phosphate
composites

0

Figure 1. Specimen geometry.
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were immersed in PBS (phosphate-buffered solution
(PBS), which provides in-vivo-mimicking circum-
stances) for 24 hr at ambient temperature before
torsion testing, because the final goal is to propose a
torsion strength test method for PBS-immersed speci-
mens as an ISO standard.

2. Experimental

2.1 Sample

Five types of bioceramics (denoted A, B, C, D, E,
hereafter) were supplied by bioceramics companies
in Japan. Precise information on their processing

and characterization was not open to us, except for
the nominal porosity shown in Table 1. Samples A, B,
and C were hydroxyapatite ceramics, and samples D
and E were hydroxyapatite/tricalcium phosphate
composites. These samples had been used in the pre-
vious study [30].

2.2 Specimen geometry

The specimen geometry was 40 mm in length, 10 mm
in gage, and ϕ6 mm in gage diameter, with tapering
in a 2/7.5 slope, and prism ends as shown in Figure 1.
Optimization of the specimen geometry was dis-
cussed in the previous article [30].

2.3 Easy-to-use torsion test

2.3.1 Opening torque tester for PET bottles
Various torsion testers were available commercially.
Most were developed as specialized machines for
metallic automobile drive shafts [32], however, their
torque capacity was also too large (e.g. maximum
torque = 1000 Nm). We also considered more com-
pact torsion testers [29]; their torque capacity was
still large, however, at about 50 Nm. Thus, neither
was directly applicable to bioceramics (typically
0.1 Nm or less for bioceramics in this study) due to
large torque range and high cost of the testers.

Taking the future proposal for a “Test method for
torsion strength of porous bioactive ceramics under in-
vivo-mimicking circumstances” as an ISO standard for
the future into account, the present authors decided to
assemble a torsion test system that is as simple as
possible to enable anyone to conduct tests anywhere
without expensive specialized equipment. To satisfy
these conditions, we focused on an opening torque
tester for PET bottles incorporating simple grip jigs.

Figure 2. Opening torque tester for PET bottles.

Figure 3. Grip jigs (the left is upper grip jig, and right is lower grip jig attached with a plastic sleeve guide).
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Figure 2 shows an opening torque tester for PET
bottles (Tohnichi Mfg. Co. Ltd: 2TME500CN2) [31].
This tester was used for checking the opening torque of
PET bottles within a designated range using the follow-
ing test procedure: to hold PET bottle, four rubber-
covered pillars were moved radially toward the center
of the round-based table by rotating a black nob on the
right side; the PET bottle cap was rotated by hand; and
the maximum opening torque was displayed in a win-
dow at the top. Thus, this tester already had three
functions: holding the object, measuring the torque (a
torque cell was installed below the round-based table),
and displaying the maximum torque upon opening.We
therefore prepared only simple specimen grip jigs to

conduct torsion tests for bioceramics. Actually, the pre-
sent authors used two types of testers (Tohnichi Mfg.
Co. Ltd: 2TME500CN2 (100–500 cNm) and
2TME200CN2 (40–200 cNm)) depending on the tor-
que range applied. Several companies around the world
make similar opening torque testers for PET bottles.

2.3.2 Grip jigs with sleeve guide
As shown in Figure 3, the grip jigs were two-stepped
circular cylinders with a square hole in the center of the
smaller base planes. The smaller circular cylindrical part
of the upper (left) grip jig had a smooth outer surface
that fit the smooth inner side surface of the plastic sleeve
guide to fix the rotation axis when the upper grip jig was
rotated by hand. The smaller circular cylindrical part of
the lower (right) grip jig had a long threaded outer side
surface whose tread fit the inner thread of the plastic
sleeve guide in order to adjust the height of the guide
when rotated along the tread. This sleeve guide had two
functions: to prevent bending moments and to cancel
axial load during torsion tests. The inner structure is
shown in Figure 4 (semi-sectioned drawing). To avoid
blank test calibrations, the upper grip jig was made of
aluminum alloy (not a heavy metal).

2.3.3 Easy-to-use torsion test
A lower grip jig was attached to an opening torque
tester for PET bottles, and one end of the specimen
was inserted into a square hole in the grip jig
(Figure 5(a)). The other end of specimen was also
inserted into the upper grip jig (Figure 5(b)). The
plastic sleeve guide was moved upward by its rota-
tion. When its top end touched the upper grip jig, the
sleeve guide was moved up slightly to cancel the
weight of the upper grip jig (Figure 5(c)). The
upper grip jig was then rotated by hand to apply
torque until the specimen was fractured by the tor-
sion (Figure 5(d)). The time to fracture was within
1–2 s, and it was thus considered that slow crack
growth had little effect on the torsion strength values.

A blank test should be conducted before the torsion
tests by rotating the upper grip jig without a specimen.
When the upper grip jig was made of aluminum alloy,
the blank test value was almost 0.0 cNm; however, the

Figure 4. Semi-sectioned drawing of grip jigs (the left half is
outlook, right half is sectioned).

(a) (b) (c) (d)

Figure 5. Easy-to-use torsion test using the grip jigs.
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value was around 2–3 cNm when we used stainless
steel due to the friction between the top end of the
sleeve guide and the upper grip jig. In this study, the
present authors used an aluminum alloy upper grip jig
(no need for calibration). If the blank test value is 2–3
cNm when using a stainless-steel upper jig, the blank
test value must be subtracted from each torque mea-
surement at fracture for calibration.

2.4. Torsion test with a material testing machine
equipped with a linear displacement/rotation
convertor

To investigate the accuracy of the easy-to-use torsion
test data, a material testing machine (Shimadzu,
Autograph AG-X) was used to measure the torsion
strength of the same samples. The material testing
machine was equipped with a linear displacement/rota-
tion convertor (Shimadzu, STJ-10). As shown in
Figure 6, the convertor had a rack-and-pinion gear
system to transform the linear displacement of the
crosshead movement into rotation of the output axis
toward the backside of the testing machine. One grip jig
(right jig in Figure 7) was attached to this output axis,
and another grip jig (left jig in Figure 7) was attached to
the torque cell. The torque cell (10 Nm max. capacity,
0.01 Nm(=1 cNm) min. accuracy) was fixed to the rigid
frame of the testing machine. The rotation test speed
was set at 50 °/min by adjusting the crosshead speed of
the material testing machine such that the time to
fracture was within 3–4 s in this case as well.

As shown in Figure 7 (lower figure), a dummy
specimen was set between the two flat metal plates
of the grip jig. The centering of the interval between
the plates with respect to the output rotation axis can
be adjusted by rotating each hexagonal bolt sepa-
rately. Note that the interval of the two plates was
lightly fitted to the grip end of the specimen, rather
than firmly fixed, so that the axial displacement of the
specimen was free during the torsion test. We used
the dummy specimen to adjust the alignment
between the rotation axis and the two grip jigs.

In this verification, torsion testing with a material
testing machine equipped with a convertor was con-
ducted in air by the organization ID = 5 and the number
of specimen was 5. The easy-to-use torsion tests, on the
other hand, were conducted in air by the organization
ID = 1, and the number of specimen was 10 for each
sample. Torsion data from both tests were compared.

Convertor   Load cell  Crosshead Output rotation axis    Torque cell

Grip jigs

Figure 6. A material testing machine (Shimadzu, Autograph AG-X) equipped with a linear displacement/rotation convertor
(Shimadzu, STJ-10, using a rack-and-pinion gear system).

Grip jigs
Torque cell

Alignment check by cylindrical metal dummy specimen 

Figure 7. Expanded view of grip jig and alignment check
using a cylindrical dummy specimen.
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2.5 Round-robin test

Four organizations (ID = 1–4) in Japan participated
in this round-robin test in order to confirm good
agreement in torsion strength data when different
people conducted the easy-to-use torsion test. Prior
to this set of torsion tests, all the specimens were
immersed in PBS (pH = 7.4) for 24 hr at ambient
temperature. During immersion, the specimens

were evacuated once for 30 min or longer to elim-
inate air in the pores to the extent. Then, just
before each torsion test, a specimen was picked
out, and the wet surface was wiped with paper.
The easy-to-use torsion tests were conducted
according to the procedure in Section 2.3. The
number of specimen was 10 for each sample, except
in the case of the organization ID = 3.
Organization ID = 3 tested five as-received speci-
mens in air and five specimens tested in air after
immersion in PBS.

3. Results and discussion

3.1 Accuracy check

3.1.1 Easy-to-use torsion test in air
Easy-to-use torsion tests of as-received specimens
in air were conducted by organization ID = 1, and
their fracture surfaces are shown in Figure 8.
From this figure, it can be seen that samples A,
B, and C showed helical fracture surfaces, which
are a typical feature of torsion fracture of brittle
materials. According to the mechanics of materials
[33], a pure torsion stress state is equivalent to a

Sample A Sample B

Sample C Sample D

Sample E

Figure 8. Fracture surfaces of as-received samples tested in air using the easy-to-use torsion test method (by organization 1).

Table 2. Torsion strength in air using easy-to-use torsion test
(as-received specimen, measured by organization 1).

Sample
Material

(Nominal porosity)

Average
torsion
strength/
MPa

Standard
deviation of

torsion strength/
MPa

A Hydroxyapatite
(75%)

5.21 0.61

B Hydroxyapatite
(75%)

4.85 0.40

C Hydroxyapatite
(50%)

8.21 1.30

D Hydroxyapatite/tricalcium
phosphate composites
(35%)

35.1 4.14

E Hydroxyapatite/tricalcium
phosphate composites
(0%)

86.9 3.41
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tensile/compression biaxial stress state achieved by
45° rotation of the original x-y coordinate system.
Thus a crack extended along the normal direction
to the tensile stress (viz. the crack always extended
with an incline of 45° to the longitudinal axis of
the specimen). On the contrary, samples D and E

show multiple fractures (fragmentation occurred
during fracture), but if we look at them more
closely, we find a partial helical fracture surface.
Samples D and E show relatively higher torsion
strength due to lower porosity and such multiple
fractures can also be seen after bending tests of
high-strength dense ceramics.

By measuring the maximum torque at fracture
Tf of each specimen, we calculated the torsion
strength tf using the following equation [34];

τf ¼
16Tf

πd3
(1)

where d is the gage diameter (ϕ6 mm in this
study). The average and standard deviation of torsion
strength are summarized in Table 2. The torsion
strength increased with decreases in the porosity,
and the standard deviation was around 1/10 of its
average, indicating that the data for the easy-to-use
torsion test method showed good accuracy (no large
data scattering).
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Figure 9. Torque/time (∝rotation angle) diagrams of as-received samples.

Table 3. Torsion strength in air using a material testing
machine (as-received specimen, measured by organization 5).

Sample
Material

(Nominal porosity)

Average
torsion
strength/
MPa

Standard
deviation of

torsion strength/
MPa

A Hydroxyapatite
(75%)

4.72 0.26

B Hydroxyapatite
(75%)

4.53 0.29

C Hydroxyapatite
(50%)

7.43 1.20

D Hydroxyapatite/tricalcium
phosphate composites
(35%)

29.0 2.45

E Hydroxyapatite/tricalcium
phosphate composites
(0%)

77.9 13.5
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3.1.2 Torsion test in air conducted with a material
testing machine equipped with a convertor
Torsion tests of as-received specimens were conducted in
air by organization ID = 5 using a material testing
machine equipped with a convertor, and the resulting
fracture surfaces were the same as those in Figure 8.
Figure 9 shows their torque/time (∝rotation angle) dia-
grams.Most of the samples except B showed linear elastic
deformation and then brittle fracture. In sample B, linear
elastic deformation was observed, followed by nonlinear
deformation and then brittle fracture. We used the max-
imum torque as the torque at fracture in our calculations.
As stated earlier, the time to fracture tf was around 3–4 s,
so the rotation angle ϕf at fracture was around 5.8*10–2

[rad]

¼ tf ½sec� � 50½�=min� � π½rad�=180½��ð Þ=60½sec�� �

¼ 4� 50� π=180ð Þ=60ð Þ, and the shear strain at frac-
ture was therefore γf ¼ r � φf =L ¼ ð3 � 10�3Þ �
ð5:8� 10�2Þ=ð10� 10�3Þ ¼ 1:7� 10�2, where L and r
were the gage and its radius.

Table 3 shows the average and standard deviation of
torsion strength measured by the material testing
machine with the convertor, and Figure 10 shows a
comparison between the data obtained by the easy-to-
use torsion method (in Table 2) and the material testing
machine method (Table 3). At a glance, we can see that
almost the same results were obtained by the two mea-
surement methods.

In the comparison, all the samples show good agree-
ment in average torsion strengthmeasurement results for
the easy-to-use method and the material testing machine
method, indicating that the easy-to-use torsion test
method gives data with good accuracy data, comparable
to data obtained by the material testing machine.

3.2 Round-robin test

Four organizations (ID = 1, 2, 3, 4) conducted torsion
tests of specimens immersed in PBS (pH = 7.4) for
24 hr at ambient temperature. A comparison of the
results obtained by the 4 organizations is shown in
Figure 11. Note that organization ID = 3 tested 5
specimens and the others tested 10 specimens for
each sample. At first glance, we see good agreement
in the average torsion strength for each sample among
the four organizations, indicating an absence of
experimenter effect.

Easy-to-use method      Material testing machine
(10 specimens each)     (5 specimens each)

by Org.1               by Org.5

Figure 10. Comparative study of easy-to-use method and a material testing machine with a convertor (as-received specimens in air).
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Within the experimental data in this study, the
easy-to-use torsion test method is useful for
obtaining reasonable torsion strength data, which
is in good agreement among different organiza-
tions and which clearly shows the differences in
the samples.

3.3 Comparison between as-received samples
and PBS-immersed samples

Organization ID = 1 conducted torsion tests for both as-
received samples (Table 2) and PBS-immersed samples
(Figure 11). Thus we can compare the as-received sam-
ples and PBS-immersed samples. Figure 12 shows the

Sample A Sample B

Sample C Sample D

Sample E

Figure 12. Fracture surfaces of samples after PBS immersion for 24 hr, tested in air using easy-to-use torsion tests (by
organization 1).
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fracture surfaces of the samples after PBS immersion for
24 hr, and testing in air by the easy-to-use torsion
method. Comparing these with Figure 8, we see that
samples A, B, C, and D show the same fracture features
as the as-received samples, but that sample E shows a
typical helical fracture surface, not multiple fracture as in
Figure 8. This corresponds to the tendency shown in
Figure 13, which is a comparison between the torsion
strengths of as-received samples andPBS-immersed sam-
ples. Only sample E shows a difference between the two
data, which may have been brought about by slow crack
growth during PBS immersion.

In the torsion tests, the maximum stress was
formed at the cylindrical surface of the gage, and in
dense sample E, the weakest defect (largest defect) on
the surface was relatively smaller than that in other
samples, and slow crack growth during PBS immer-
sion consequently had a significant effect on its crack
extension. Since samples A, B, C, and D were porous,
the original weakest defect was relatively larger in
size; so crack extension by slow crack growth did
not have much effect on the final crack size (weakest
defect size). These data suggest that not only as-
received samples but also PBS-immersed samples
are important for estimating the reliability of
bioceramics.

4. Conclusion

The easy-to-use torsion test method was verified by
two experiments. One was an accuracy check compar-
ing torsion strength data measured by the easy-to-use
method with data obtained using a material testing
machine equipped with a linear displacement/rotation
convertor. Good agreement was shown between the
results for the two methods. The other was a round-
robin test conducted by four different organizations in
Japan, which found that the torsion strength data did
not depend on the organization, and that consistent
test data were obtained. Based on these experimental
results, it is concluded that the easy-to-use torsion
method gives reasonable strength data with a simple
experimental setup, and that it can be proposed as ISO
standard for the future.
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