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Mechanical Properties of Different Anatomical Sites of the
Bone-Tendon Origin of Lateral Epicondyle

Jung Seo Han*
Department of Mechanical and Systems Engineering, CSST, Hansung University,
Seoul 136-792, Korea

A series of rabbit common extensor tendon specimens of the humeral epicondyle were
subjected to tensile tests under two displacement rates (100 mm/min and 10 mm/min) and
different elbow flexion positions 45°, 90° and 135°. Biomechanical properties of ultimate tensile
strength, failure strain, energy absorption and stiffness of the bone-tendon specimen were
determined. Statistically significant differences were found in ultimate tensile strength, failure
strain, energy absorption and stiffness of bone-tendon specimens as a consequence of different
elbow flexion angles and displacement rates. The results indicated that the bone-tendon
specimens at the 45° elbow flexion had the lowest ultimate tensile strength; this flexion angle
also had the highest failure strain and the lowest stiffness compared to other elbow flexion
positions. In comparing the data from two displacement rates, bone-tendon specimens had
lower ultimate tensile strength at all flexion angles when tested at the 10 mm/min displacement
rate. These results indicate that creep damage occurred during the slow displacement rate. The
major failure mode of bone-tendon specimens during tensile testing changed from 100% of
midsubstance failure at the 90° and 135° elbow flexion to 40% of bone-tendon origin failure at
45°. We conclude that failure mechanics of the bone-tendon unit of the lateral epicondyle are
substantially affected by loading direction and displacement rate.

Key Words ; Mechanical Properties, Bone-Tendon Origin, Epicondyle Common Extensor,

Failure Mechanics

1. Introduction

Based on clinical and surgical evidence, mi-
crotear, microfailure or partial failure at the bone
-tendon junction or musculo-tendinous junction,
most often occurring within the origin of the
extensor carpi radialis brevis, acts as the initiator
of epicondylitis (Nirshel, 1973; Jobe, et al.,
1994). Biomechanical studies have demonstrated
that forceful exertions can produce stress concen-
trations on tendons and adjacent tissues that
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correspond with the sites of injury (Armstrong et
al., 1979a; Castelli et al., 1980).

The common extensor tendon of the humeral
epicondyle is a crucial structure in the elbow and
has not been subjected to intense biomechanical
studies, partly due to its complicated structure
and the testing difficulties with the limited length
of bone-tendon specimen. Qur laboratory has
recently developed an experimental device where-
by the bone-tendon specimen can be oriented and
tested at any desired loading direction. Previous
work in our lab characterized failure strength of
human common extensor and flexor tendons of
the humeral epicondyle (Han et al., 1994).
Results from this work convinced us that failure
occurred at the bone-tendon junction of the
epicondyle under either loading condition (slow
or fast displacement rates). Wang et al. (1995)
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has recently conducted a study to determine
biomechanical properties, such as ultimate tensile
strength, failure strain and elastic modulus, of
bone-tendon specimens of human common exten-
sor tendons under different loading directions.
Results from this study indicated that different
directions of load application resulted in different
mechanical responses in the bone-tendon speci-
men of the humeral epicondyle. However, due to
the limited number of human specimens and other
variables, such as age and personal history, the
results could not demonstrate the mechanical
properties of the bone-tendon unit of humeral
epicondyhle completely.

The present study was undertaken to evaluate
the effect of the direction of applied load and
displacement rate on the mechanical properties
(ultimate tensile strength, failure strain, energy
absorption and linear stiffness) of bone-tendon
specimens of the rabbit humeral epicondyle.
Because the common extensor tendon and its
insertion site are viscoelastic and are not homoge-
neous, but rather a composite material
(Wainwright, 1976; Currey, 1984), it was hypoth-
esized that different directions of load application
and different displacement rate would result in
different mechanical responses and failure pat-
terns in tendons and at the bone-tendon junction.
To examine this hypothesis, experimental force-
displacement data were obtained for the rabbit
common extensor tendon of the humeral epicon-
dyle when loaded to failure in various directions
at two different displacement rates. From these
data, values were determined for ultimate tensile
strength and failure mode of the bone-tendon
specimen. Failure strain, energy absorption and
stiffness for tendon and the bone-tendon junction
were also determined.

2. Materials and Methods

Thirty-six New Zealand white rabbits {(seventy-
two common extensor tendon specimens) of simi-
lar ages and both sexes, weighing 3.5 to 4.5
kilograms, were used. Each animal was sacrificed
using and intracardiac injection of sodium
pentobarbital and both forelimbs were disar-
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ticulated. The limbs were wrapped in plastic bags
and stored at —15°C. Before testing, specimens
were removed from the freezer and thawed at
room temperature. Anterior-posterior and lateral
roentgenograms excluded specimens with bony
abnormality. All muscles, except the common
extensor tendon and the origin of the epicondyle,
were removed. Approximately 40 mm of the com-
mon extensor tendon, distally from its origin,
remained after dissection. A custom-designed
grip device held the tendon 15 mm distal to its
origin at the humeral epicondyle. The grip device
was placed into the test fixture and attached to a
servo hydraulic materials testing system (MTS)
with the distal part of the tendon at the selected
angle of flexion. The loading fixture was oriented
such that the direction of loading was along the
anatomical position of elbow flexion. Specimens
were kept moist with physiological saline
throughout preparation and testing. Mechanical
testing was performed at room temperature.

2.1 Experimental apparatus

Mechanical tests were performed on the MTS
machine. Prepared specimens were mounted with
bone cement in an electrical conduit 10 mm in
diameter. Custom-designed devices attached to
the MTS machine made it possible to change the
elbow flexion angle (45°, 90° and 135°). For
tensile tests, load and displacement were monitor-
ed with a load cell and a linear variable displace-
ment transducer (LVDT), respectively. Data for
ultimate tensile strength from the bone-tendon
specimens was collected by a personal computer
using Labtech Notebook software (Labtech,
wilmington, MA).

Strain measurements in tendon and bone were
recorded using two differential variable reluc-
tance transducers (DVRT) which were fixed to
the tendon and bone in a straight line represent-
ing the loading direction. Two ultra fine wires
were separately welded to the top surface of the
DVRT in the tendon and the bottom surface of
the DVRT in the bone to establish the gauge
length for the bone-tendon complex. The strain
for the bone-tendon complex was obtained using
a video motion analysis system, consisting of
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Fig. 1 Schematic diagram of the Rabbit bone-ten-
don specimen during a tensile test

COHU solid state camera, AL16, fitted with a
Monocular/45 Field microscope, JVC video tape
recorder, HR-6700U and Sony monitor, to record
changes of the gauge length between the two wires
(Fig. 1). The video recording can be played back
at slow speed into an optimas imaging system
(Edmonds, WA), which includes an Olympus
BH-2 with bright and dark field illumination and
a Dell 90 MHX pentium computer with a Matrox
MVPAT image capture board. It automatically
identifies points, lines and distances between the
ultra fine wires. The data was recorded and trans-
ferred to Excel.

Data were analyzed using a two-way analysis
of variance '(ANOVA) to determine any statisti-
cally significant difference (p<0.05) in ultimate
tensile strength, failure strain and linear stiffness
due to varied loading directions, displacement
rates and anatomic sites (tendon versus the bone-
tendon junction).

2.2 Experimental procedure

Thirty-six rabbits were divided
groups. Specimens in one group were loaded to
failure at a displacement rate of 10 mm/min and
the second group was tested at 100 mm/min. Each
group was divided into three subgroups which
were loaded in different elbow flexion positions
of 45°, 90° and 135°. Twelve paired specimens in
each group were loaded at 45° on one side and at
135° on other side. The rest of specimens in each
group were tested at 90°.

The strain in tendon can be obtained directly
from the DVRT. Strain in the bone-tendon junc-

into two

Tendon

B don junction

Fig. 2 Schematic diagram of strains measuring
system

tion has to be calculated through the strains in
tendon, bone and bone-tendon complex because
a large error would occur if the DEVRT was used
to measure such a thin junction. Figure 2 shows
the strain measuring system. The two DVRTs in
tendon and bone were arranged in a straight line
as close as possible. The distance, §, in the middle
represents the thickness of the bone-tendon junc-
tion. Lp, Ly and L represent the initial length of
the DVRTI in tendon and the DVRT2 in bone
and bone-tendon complex. Strain in the bone-
tendon complex can be expressed:
ETB:L-}+L,BL+8—LTB (1)
TB
where Liz=L1+ L+ 8. Strains in the tendon, ¢,
bone, g5, and bone-tendon junction, g; can be
expressed the follows, respectively.

Li—L Lg—L /—
er= TLT T’ &p= BLB B £3= 6 6 6 (2)
therefore:
L'T=LT(ET+1), LQZLB(EB‘FI),
&’=68(es+1) (3)

substitute Eq. (3) into Eq. (1). We have

- Li(er+1) +La(eat 1) +0(es+ ) —Li—Tg—§
ETB L+ 1:+6

C

The strain at the bone-tendon junction can be
expressed with function of &, grg, er and &g

gs= Ly(ers—er) +L£:S(€TB_€B) + derms (5)
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Fig. 3 An example of load versus displacement
record showing behavior of the bone-tendon
specimen during loading at 100 mm/min
displacement rate

80-

Fig. 4 Typical load-displacement curves for the
bone-tendon specimens demonstating the
differences in ultimate tensile strength and
failure strains at displacement rates of 10
mm/min (a) and 100 mm/min (b)

2.3 Analysis of specimen behavior

Several parameters were used to characterize
the behavior of each bone-tendon unit when
loaded to failure: ultimate tensile strength in
Newton force; strain to ultimate tensile strength
and strain to complete failure; total energy to
failure in millimeter-Newton force; and slope (in
linear range) expressed as Newton/millimeter
(Fig. 3).

3. Results

3.1 Ultimate tensile strength

The ultimate tensile strength for the specimens
tested at 135° and 100 mm/min displacement rate
(76.2+28.8N) was found to be 32.6% higher than
that of the 90° subgroup (51.3+11.7N) and 47.1%

I ———
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| W Elbow angle at 90 degrees |
| @ Elbow angle st 135 degrees

N=36 N=36
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Loading rate at 100 mm/min Loading rate at |0 mm/min

Fig. 5(a) Comparison of ultimate tensile strength at
different elbow angles

M Loading rate at 100 mm/min |
O Losding rate at 10 me/min | N=24
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Fig. 5(b) Comparison of ultimate tensile strength at
displacement rates of 10 mm/min and 100
mm/min

higher than that of the 45° subgroup (40.3+25.
4N). A decrease of ultimate tensile strength
related to decreasing displacement rate was seen
for specimens tested at 10 mm/min. Specimen
behavior at the 100 mm/min and 10 mm/min
displacement rates are shown in a typical load-
displacement diagram in Fig. 4. In comparing
matched elbow angles at two displacement rates,
the value of ultimate tensile strength at 100 mm/
min rate was 30.2% higher than that for the elbow
angle of 45° ar 10 mm/min loading rate (28.13
*£15.3N), 20.5% higher than that of 90° (40.75
+13.8N) and 16.8% higher than that of 135° (63.
43+28.9N). Statistically, both loading direction
and displacement rate had a significant effect on
the ultimate tensile strength (p<0.03, respective-
ly; Fig. 5(a) and Fig. 5(b)).
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0.3 | W Failure strain in tendon 10 mm/min
B Failure strain in tenden 100 mm/min |
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Fig. 6 Failure strains in tendon and at the bone-
tendon junction at different loading direc-
tions and displacement rates

3.2 Failure strain

Strain values at the failure point for tendon and
bone-tendon junction at both displacement rates
were obtained (Fig. 6). The failure strains in
tendon at oth displacement rates were affected by
loading directions. Significantly higher strain
values were found at 135° than at 90° and 45° (p
<0.05). In addiction, failure strain in tendon
decreased with increasing displacement rate. At
100 mm/min displacement rate, failure strains
were 35.4% (45°), 28.9% (90°) and 25.8% (135°)
lower than at the 10 mm/min displacement rate.

Statistically, failure strain in the bone-tendon
junction did not exhibit loading direction depen-
dency at either displacement rate (p >0.05). There
was a significantly higher strain value at the 10
mm/min displacement rate than at 100 mm/min
(p<0.03), indicating that the failure strain was
dependent on displacement rate. In comparing
failure strains in the tendon and at the bone-
tendon junction, results showed that the failure
strain in the bone-tendon junction was 53.9%
(45°), 36.3% (90°) and 28.5% (135°) higher than
in the tendon at the 10 mm/min displacement
rate. At the 100 mm/min displacement rate, the
failure strains in the bone-tendon junction were
220%, 200% and 150% higher than the failure
strains in the tendon at 45°, 90° and 135°.

3.3 Energy absorption
The energy absorption values in the tendon
followed the same trend as the failure strain in
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Fig. 7 Energy absorbed in tendon and at the bone-
tendon junction at different loading direc-
tions and displacement rates

loading directions. The tendon absorbed more
energy at 135° than at 90° and 45° for both
displacement rates. Statistical analysis revealed
that energy absorbed in the tendon was signifi-
cantly affected by loading direction (p<0.05)
and, although energy absorbed was similarly
affected by displacement rates, statistical signifi-
cance was not shown (p=0.062)

A similar trend of energy absorption was found
in the bone-tendon junction as in tendon. It was
approximately 38.3% higher at 135° than at 90°
and 63.0% higher than at 45° for both displace-
ment rates on the average. Statistically, loading
direction had a significant effect (p<0.05) on the
energy absorbed in the bone-tendon junction.
Again, no significant interaction was found
between displacement rates (p>0.05). The results
of the energy absorption in tendon and at the
bone-~tendon junction are summarized in Fig. 7.

34 Linear stiffness

Figure 8 shows the linear stiffness for tendon
and the bone-tendon junction tested at different
loading directions and two displacement rates.
There was not a significant correlation in stiffness
for the tendon between loading directions (p>0.
05), but the stiffness in the tendon was sensitive to
the displacement rate. A two-way ANOVA
showed a significant effect on linear stiffness (p<
0.05) due to the displacement rate, with the 100
mm/min displacement rate having a 41% higher
linear stiffness than the 10 mm/min displacement



1018 Jung Soo Han

Table 1 Shows th results of mechanical tensile tests in tendon and at the bone-tendon junction at three elbow
positions (45°, 90° and 135° in flexion) and at displacement rates of 10 mm/min and 100 mm/min

. Elbow .
Dis. Soeci- | andle ) Ultimate Faiture strain Energy Stiffness
rate pec .g tensile absorption
mens | in —
(mm/ No. | flexion strengh tend b nti tendon bone | junction | tendon bone | junction
: - e e unction
i) Ggeg| | L O Nemm) | (Nemm) | (N-mm) | () | (/) | N/
12 45 [28.1+15.3| 0.08+0.03 0.002+0.0005{0.18+0.07| 21.446.6 |0.19£0.06| 7.9+4.6 [31.9+14.8{1083+834(61.3+£18.8
10 12 90 |40.7+13.8 0.11+0.02 |0.003+0.001[0.16+0.03 31.8+7.8 | 0.33+0.! | 12.8£3.6 |33.5+£12.5[1124%270|74.3+20.7
12 135 |63.4+28.9( 0.13+£0.03 |0.005+0.002 [0.1510.05{64.8+18.0|1.19+0.42 [23.8+6.03 [43.3£15.1{1134+490|117+32.8
12 45 140.3+25.4 0.05+0.02 |0.005+0.001}0.15+£0.06 | 14.6+4.4 |0.59+0.23| 6.62+1.9 {69.3+£29.9{1086+827(95.7+39.7
100 12 90 |5L3+11.7{ 0074003 (0.0041£0.001[0.14+0.05] 28.3+9.6 |0.7610.22| 11.6+2.7 [52.0+12.4[1667+739 | 126+24.3
12 135 17624288} 0.09+0.04 |0.003+0.002[0.11+0.02|46.5+18.9{0.81+0.31|16.616.83|60.7+28.4{1758+744 | 159+44.1

| M tendon 10 movmia

200 | M endon 100 mmmn
—| W the bome-tendon junction 10 mmvmin
|0 the bone-tendon punction 100 nemmin

Stiffness (N-mm)

Elbow angle (degrees)

Fig. 8 Linear stiffness in tendon and at the bone-
tendon junction at different loading direc-
tions and displacement rates

rate.

Both loading direction and displacement rate
had a significant effect (p<0.05) on the linear
stiffness for the bone-tendon junction. For speci-
mens tested with different loading directions (45°,
90° and 135°) at the 10 mm/min displacement
rate, the values of linear stiffness in the bone-
tendon junction were 61.3+18.9 N/mm, 74.3
+20.7 N/mm and 117.5232.8 N/mm for bone-
tendon specimens, respectively. At the 100 mm/
min displacement rate, these values increased to
95.7+39.8 N/mm, 126.5+24.3 N/mm, and 159.6
+44.1 N/mm, respectively. The linear stiffness
for the bone-tendon junction at the 100 mm/min
displacement rate was 35.9% (45°) 41.2% (90°)
and 26.4% (135°) higher than those tested at the
1- mm/min displacement rate.

Table 1 lists the ultimate tensile strength for the
bone-tendon specimens and details the failure

B Failure ot the bone-junction
[0 Failure in tendon

o=12

30

Failure mode (%)
2
I

|
45 S 135 450 9P 135°

100 mm/min 10 mmv/min

Fig. 9 Percentage of failure mode in the bone-ten-
don specimen

strains, energy absorption and linear stiffness for
the tendon and the bone-tendon junction at 45°,
90° and 135° of loading at two displacement rates.

3.5 Failure mode

The bone-tendon specimens in tensile tests
showed two failure modes: tendon failure and
failure at the bone-tendon junction without bone
avulsion. All specimens at 135° and most speci-
mens at 90° showed a tendon failure for both
displacement rates. At 45°, 20% and 40% of speci-
mens failed at the bone-tendon junction at the 10
mm/min and 100 mm/min displacement rates,
respectively (Fig. 9). The difference in mode of
failure between the 45° loading direction and the
other two loading directions was statistically
significant (p<0.05).
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4. Discussion

The use of DVRTs and the video measurement
system provides a technical improvement in the
difficult problem of characterization of mechani-
cal properties of the tendon, bone and bone-ten-
don junction. In particular, the present apparatus
measures the strains of the tendon and bone
without interfering with tendon sheath between
fibers and into bone did not damage the tendon
fibers and bone structures (Wang et., 1995). In
this respect, the data obtained should prove to be
closer to actual tendon and bone strain.

The DVRTs and video measurement system
also eliminate the difficult problem of defining
the length of the tendon, a parameter needed to
determine tensile strain. For the common extensor
tendon of the humeral epicondyle, initial length is
difficult to define because the bone-tendon junc-
tion covers an irregular area relative to length. An
incorrect initial length of the tendon would lead
to incorrect calculation of tendon strain. Using
the DVRTs and video measurement system, how-
ever, the tensile strain in tendon, bone and bone-
tendon complex can be based on the initial gauge
length the DVRTs and the distance between the
two parallel ultra fine wires. The strain at the
bone-tendon junction is calculated based on the
strains in tendon, bone and bone-tendon complex
obtained from DVRT video measurements.
Therefore, the strain at the bone-tendon junction
is dependent on the accuracy of strains in tendon,
bone and bone-tendon complex.

This study of tensile testing of the bone-tendon
specimens of the "humeral epicondyle has
identified two important factors that influence the
structural properties of the rabbit bone-tendon
unit-loading direction and displacement rate. The
increases in ultimate tensile strength of the bone-~
tendon specimen with increasing elbow angles are
similar to the previous findings by Wang, et al.
(1995). The effect of ultimate tensile strength may
not be due to the tendon because linear stiffness
of the tendon is almost constant in all loading
directions. The higher ultimate tensile strength at
135° than at 90° and 45° may relate structural
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properties of the bone-tendon junction. We found
the lowest failure strain, highest energy absorp-
tion and highest linear stiffness in the bone-ten-
don junction at 135°. These results indicate that
the bone-tendon junction increases its hardness
or strength with an increase in elbow angle.
Furthermore, the effects of loading direction on
failure mode also relate to the ultimate tensile
strength. At 135° and 90°, the failure mode
exhibits simultaneous failure at the middle section
of the tendon with an increase in ultimate tensile
strength at both displacement rates. At 45°, 40% of
failures occurred at the bone-tendon junction
with a reduction in ultimate tensile strength. The
results indicated that pure tendon rupture occur-
red as ultimated tensile strength increased. De-
creased ultimate tensile strength results in failure
occurring at the bone-tendon junction or the
mode of failure becoming mixed. The general
morphology of the bone-tendon junction is well
known (Benjamin et al., 1986) and has been
divided into four zones: tendon, unmineralized
fibrocarilage,
bone. The viscoelastic material and structural
properties change rapidly at the bone-tendon
junction (Woo et al, 1988). Therefore, tendon
insertion to bone provides a means of attaching a
flexible yet strong, tension-bearing structure into
a rigid, noncompliant bone. The tensile forces in
the tendon are thought to produce tensile, com-
pressive and shear stresses at the bone-tendon
junction (Woo et al.,, 1988), and the material
structures of the bone-tendon junction cannot be
isotropic (Currey, 1984). The differences in
measured structural properties of the bone-ten-
don specimen are a consequence of varying the

mineralized fibrocartilage and

loading direction of the tendon across the bone-
tendon junction. In other words, the direction of
the applied force influences the force patterns at
the bone-tendon junction including: tension,
compressive and shear forces.

We have shown that the failure strain of the
tension is consistently smaller than the failure
strain calculated for the bone-tendon junction,
which is similar to findings from other studies
(Noyes et al., 1984; Bulter et al.,, 1984). These
results suggest that the deformation near or at the
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bone-tendon junction is larger than in the ten-
don. It is conceivable that large deformation near
the bone-tendon junction may predispose the
area to higher incidence of microfailure or mi-
crotear in tensile strength, especially in small
elbow angles. For example, an increased percent-
age of failure occurred at the bone-tendon junc-
tion when the loading direction went from 90° to
45°,

Under the tensile loading conditions of this
experiment, the bone-tendon specimens had a
higher ultimate tensile strength at the 100 mm/
min displacement rate than at the 10 mm/min
rate. Also, lower failure strains and greater linear
stiffness were found in the tendon and the bone-
tendon junction at the 100 mm/min than at the 10
mm/min displacement rate. These findings dem
onstrate the time-dependent behavior of the bone-
tendon unit. Tendon and its insertion site are
composite materials consisting of cllagen and
other tissues. The collagen exhibits viscoelastic
mechanical behavior (Hooley et al., 1980). There-
fore, the reduction of the ultimate tensile strength
in the bone-tendon unit, and increasing failure
strains and decreasing linear stiffness in the ten-
don and at the bone-tendon junction at the 10
mm/min displacement rate were due, in part, to
the creep behavior in the tendon and at the bone-
tendon junction (Wang et al., 1995).

No previous study has documented the time-
dependent failure properties of the bone-tendon
specimens of the humeral epicondyle over a wide
range of strain rates. Han et al. (1994) used two
strain rates for human cadaver specimens. The
results of that study showed that ultimate tensile
strength was independent of strain rate. In con-
trast, the current study indicated that ultimate
tensile strength of the bone-tendon unit, failure
strain and stiffness of tendon and the bone-ten-
don junction depend significantly on strain rae.
The difference between these two studies may be
due to the different range of strain rates.

In conclusion, the direction of applied tensile
load and the displacement rate should be very
important parameters to consider when investigat-
ing the biomechnical properties of the bone-ten-
don unit of the epicondyle. Based on this study,
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the common extensor tendon and its insertion site
on the humeral epicondyle had different mechani-
cal responses to the testing conditions. It appears
that the differences in measured ultimate tensile
strength, failure strain, energy absorption and
linear stiffness are a consequence of varying the
loading direction and strain rate of the tendon
across the bone-tendon junction. In future
studies, the fatigue response to a series of elbow
flexion angles will be investigated. The method of
strain measurement used in this study is one of
many possible ways to examine the bone-tendon
unit. However, it is hoped that a better method
will be designed to measure strain more accurate-

ly.
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