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sive cyclic loaded on the fatigue testing machine (Instron 
8801, Instron, Pfungstadt, Germany) for 100,000 cycles. 
All the fatigue tests were conducted in load-controlled 
mode with a haversine loading of 2 Hz frequency. The dy-
namic loading, ranging from 200 N to 450 N, was imposed 
upon a static preload of 150 N in order to ensure that the 
specimen’s flexure would not lead to contact relaxation 
between the specimen and the fixture. The loading forces 
represent partial weight-bearing for a subject weighing 65 
to 85 kg and were adapted from previous studies21. During 
the implementation of the fatigue tests in every 10.000 cy-
cles, simultaneous load and displacement data acquisition 
were carried out. The quantitative outcome of all tests was 
the calculated value of dynamic stiffness, representing the 
specimen’s rigidity. The loading and data acquisition pro-
tocol was used before by Goett et al22. For the second part 
of the experiment, the specimens mounted on the custom-
made fixtures were loaded on the compression testing ma-
chine (Instron Satec 1200, Instron, Pfungstadt, Germany), 
this time with the load passing along the anatomic axis of 
the tibia. The specimens were statically loaded for three 
cycles, with forces ranging from 100 N to 1200 N. In order 
to calculate each specimen’s stiffness, data acquisition was 
performed during the fourth cycle.

Statistical analysis
Descriptive statistics are reported as means ± stan-

dard deviation. Normality assumptions were evaluated 
using the Shapiro-Wilk test. One-way ANOVA was used 
for the comparison of means of independent measure-
ments, while Generalized Estimating Equations (GEE) 
modeling was used for the assessment of the effects of 
independent factors/covariates on longitudinal measure-
ments. The Sidak correction was used to adjust for mul-
tiple testing. Data analysis was performed with Stata 13.1 
(Stata Corp., College Station, TX). 

Results
Fatigue testing

During the first mode of the experiment, data acquisi-
tion was performed every 10,000 cycles while the stiff-
ness of the construct was also calculated. For each speci-
men, a comparison of the stiffness of every step up to 
100,000 cycles was performed in order to identify any 
irregular behavior or mechanical failure of the construct. 
Each specimen’s mechanical properties remained stable 
up to 100,000 cycles without any failure or irregularity.

The average stiffness for each group was compared pairwise 
in a post hoc fashion (Table 2). Statistically significant differ-
ences between groups were detected at the 5 % level (F =36.8, 
df =5.19, p <0.001). Results of the post hoc procedure suggest 
that groups D and E differ from all others, with D having the 
highest values and E the lowest. The average stiffnesses of 
Groups F and B are very close; the same holds for groups A, 
B, and C. These results are illustrated in Figure 2.

Static loading
The average stiffness for each group was recorded in 

a longitudinal setting. Generalized Estimating Equations 
(GEE) modeling was used for inference as a result. Group 
D differs from all other models in this setting (p <0.05), giv-
ing the highest values, while group E differs from F only (p 
=0.024). In all other comparisons, there were no statistically 

Table 2: Fatigue testing: mean stiffness in kN/mm of each 
group (of tibia models implanted with nails from different 
manufacturer) and standard deviation.

Group Mean Standard Deviation
A 0.47757425 0.03564694
B 0.5720755 0.05399894
C 0.50792137 0.0165074
D 0.77724198 0.07216064
E 0.31073521 0.04575792
F 0.66213746 0.0887677

Group A: Dynamic T, Citieffe, (Bologna, Italy), Group B: Targon 
T, B-Braun Aesculap, (Tuttlingen, Germany), Group C: OrthoSe-
lect Interlocking Nail system, (Wurmlingen, Germany), Group D: 
Orthofix Tibial nailing system, (Verona, Italy), Group E: T2, Tibial 
nailing system, Stryker, (Schönkirchen, Germany), Group F: Expert 
Tibial Nail, Depuy Synthes (Oberdorf,Switzerland). 

Table 3: Static loading: mean stiffness in kN/mm of each 
group (of tibia models implanted with nails from different 
manufacturer) and standard deviation.

Group Mean Standard Deviation
A 0.7050943 0.1161984
B 0.6943683 0.1202031
C 0.6020691 0.0901108
D 0.8660421 0.1391302
E 0.5623103 0.0647764
F 0.7247105 0.1600652

Group A: Dynamic T, Citieffe, (Bologna, Italy), Group B: Targon 
T, B-Braun Aesculap, (Tuttlingen, Germany), Group C: OrthoSe-
lect Interlocking Nail system, (Wurmlingen, Germany), Group D: 
Orthofix Tibial nailing system, (Verona, Italy), Group E: T2, Tibial 
nailing system, Stryker, (Schönkirchen, Germany), Group F: Expert 
Tibial Nail, Depuy Synthes (Oberdorf,Switzerland).

Figure 1:  Experimental setup for A) fatigue testing and B) 
static loading of the composite tibia models implanted with 
six different intramedullary nails.


