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Abstract 
Athletes and military recruits are often afflicted by stress fractures. Rigorous 
training programs consisting of increased repetitive mechanical loading may 
contribute to the high incidence of tibia stress fracture in the athletic and ar-
my populations. The purpose of this study was to assess the effect of incre-
mented height on tibia bone strains and strain rates during landing. Seven 
healthy college males performed drop-landing tasks from 26 cm, 39 cm, and 
52 cm, respectively. Tibia bone strains and strain rates were obtained through 
subject-specific multi-body dynamic computer simulations and finite element 
analyses. One-way repeated measures ANOVAs were conducted. Both 39 cm 
and 52 cm conditions resulted in larger tibia bone strains and strain rates than 
the 26 cm condition. The 52 cm condition also resulted in greater bone strains 
and strain rates than the 39 cm condition. A dose-response relationship exists 
between incremented landing height and bone strains and strain rates. Activi-
ties consisting of high impact landings are associated with increased risk of 
developing tibia stress fracture. When designing training programs involved 
high impact activities, athletes and military recruits should consider the effect 
of impact loading on tibia bone health and giving enough time for bones to 
adapt to new trainings. 
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1. Introduction 

Stress fracture is a severe musculoskeletal injury requiring extended periods of 
recovery and incurring significant medical cost [1] [2]. Stress fractures are 
common in sports. Nearly 10% of all sports related injuries are stress fractures 
[3]. Track athletes experience an even higher annual injury rate at 20% [4]. Si-
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milarly, the rate of stress fractures in the military is also high. It reaches 6% in 
the US Army and is 31% in the Israeli Army [1] [5]. The most common site of 
stress fracture is tibia [6] [7]. Tibia stress fracture accounts for 41% - 55% of all 
stress fractures experienced by athletes involved in running [8]. In the military, 
tibia stress fracture accounts for 50% and 35% of all stress fractures in male and 
female recruits, respectively [6] [7]. 

Although the injury mechanism of stress fracture is not well understood, one 
possible hypothesis explains that increased mechanical usage, signified by high 
strains and strain rates, stimulates bone remodeling, which results in locally in-
creased porosity and decreased bone mass. Bone mechanical strength is wea-
kened during this stage. When the mechanical loading continues, local stresses 
are elevated in the bone region with porosity. If the mechanical loading accu-
mulates at a faster rate than the bone’s remodeling process, bone microdamages 
would occur and microscopic cracks would be formed and propagated in the 
bone [1]. A stress fracture would appear [9] [10]. Thus, stress fracture could be a 
result of excessively repetitive loads acting on the bone leading to fatigue in-
duced bone microdamages [9] [10]. 

Rapid changes in training with increased volume and intensity result in an in-
creased rate of overuse injuries. The high incidence of tibia stress fracture in 
runners is related to the continuous, repetitive muscular activity and increased 
ground impacts [4]. Similarly, the high rate of tibia stress fracture in the military 
is associated with the increased volume and high intensity of physical training 
[10] [11] [12], during which, recruits normally cover 200 miles of walking and 
running with load carriage in less than 12 weeks [10]. 

Landing is a basic component of many sports and physical activities. When 
the foot lands on the ground, there is an impact force introduced to the body. 
The body’s ability to dissipate this landing impact will affect the stress and strain 
experienced by the various tissues of the body. The skeletal system, working 
mechanically as a series of levers, is responsible for much of this dissipation [13]. 
In situations where the musculoskeletal system cannot adequately absorb the 
impact mechanically, bone must dissipate the residual force. Absorption of resi-
dual force can cause microdamages in the bone tissue. These microscopic frac-
tures will accumulate and may result in stress fractures. The tibia is a primary 
concern when examining stress fracture incidence as it has been identified as 
one of the most common locations of stress fracture in both military and athletic 
populations [5] [14] [15] [16]. Currently, the effect of ground impact forces on 
tibia bone’s mechanical reaction is not well understood, one research question 
has yet to be answered is how tibia bone responds to the mechanical stress in-
troduced by high impact activities. 

Therefore, the purpose of this study was to investigate the effect of landing 
height on tibia bone strains and strain rates during drop-landing movements. 
We hypothesized that increased landing height would lead to increases in tibia 
bone strains and strain rates. Also, there would be a dose-response relationship 
between incremented height and bone strains and strain rates. 
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2. Methods 

Seven healthy college male participants were recruited to the study. The means 
and standard deviations (SDs) of age, body mass, body height, one-rep max (1 
RM) effort leg press, and maximal oxygen consumption (VO2 max) of partici-
pants were 21(2) yrs, 75.3(5.3) kg, 180(5) cm, 2217(471) N, and 51.5(5.9) 
ml∙kg−1∙min−1, respectively. Participants were recreationally active, classified as 
low risk for cardio-vascular diseases according to ACSM guidelines [17], and 
free from known musculoskeletal injury. All participants met the military en-
listment standards in terms of physical conditions. In addition, the age, body 
mass, body height, and fitness level (VO2 max) of our participants were compa-
rable to those military recruits entering the US Army Basic Training [18]. Ap-
proval from local Institutional Review Board (IRB) was obtained prior to com-
mencing the study. Participants signed the informed consent before testing. 

The participants completed three data collection sessions: 1) assessment of 
aerobic and muscular strength, 2) motion capture while performing drop-landing 
tasks, and 3) computed tomography imaging of their tibias. 

During the aerobic assessment, participants’ VO2 max was assessed through a 
ParvoMedics metabolic cart (ParvoMedics, Sandy, UT). A modified ramped ver-
sion of the Bruce treadmill protocol was used. During the muscular strength as-
sessment, the participants’ leg muscle strength was measured using a 1 RM effort 
leg press. 

During motion capture of drop-landing movement, A 14 camera (Vicon 
F-series, Vicon, Oxford, UK) motion capture system and two AMTI multi-axis 
force platforms (Advanced Mechanical Technology, INC. Watertown, MA) con-
trolled by Vicon Workstation software were used. Kinematic data were collected 
at 120 Hz. Kinetic data were collected at 2400 Hz. 

Reflective markers were attached on both sides of the body in the following 
locations to track the drop-landing movement: Acromion, sternum, anterior 
superior iliac spine, posterior superior iliac spine, lateral knee, lateral ankle, heel, 
base of the fifth metatarsal, and base of the second toe. In addition, two cluster 
marker sets were attached on the thigh and shank, respectively. 

Participants wore compression shorts and a compression shirt during the ex-
periment. Participants walked at a self-selected pace on a treadmill for five mi-
nutes to warm up. Participants performed the drop-landing movement with the 
non-dominant foot on the box and the dominant foot suspended directly in 
front of the box. To begin the movement, the participant shifted his weight for-
ward and stepped off from the height. The participant landed with each foot on a 
separate force plate simultaneously. The participant was instructed to land and 
remain standing until the research team completed capturing the trial. The par-
ticipant performed landings at each height: 26, 39, and 52 cm [19]. Landing con-
ditions were randomized. Three acceptable trials were collected from each height. 

During CT imaging session, axial plane scans of the tibia bones were obtained 
using a GE Light Speed CT scanner (General Electric, WI). The slice thickness 
was set at 0.625 mm. The field of view was 15 cm × 15 cm. 
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CT images of tibias were segmented in Mimics 13.1 (Materialise, Belgium). A 
surface mesh of the tibia was generated. Solid hexahedral meshing was per-
formed in MD Marc (MSC Software, Santa Ana, CA) with an element size of 3 
mm3. Material properties were assigned assuming that bone is transversely iso-
tropic within the ranges of strain we evaluated [20] [21] [22]. A Young’s Mod-
ulus of 17 GPa and Poisson’s Ratio of 0.3 were used based on previously re-
ported values [23]. The tibia bone model prepared in MD Marc was then con-
verted into a modal neutral file (MNF) representing a flexible tibia. This subject 
specific flexible tibia model was later used in a forward dynamic simulation of 
the drop-landing movement in order to assess tibia bone strain. 

Motion capture data were processed in Visual 3DTM v4 (C-Motion, German-
town, MD, USA). Kinematic data and ground reaction forces data were filtered 
using a zero-lag fourth order Butterworth filter with a cutoff frequency of 10 Hz 
and 50 Hz, respectively. Subjects’ lower-extremity musculoskeletal models in-
cluding generic geometrics of pelvis, femur, tibia, and foot were created in Life-
Mod 2010 (LifeModeler Inc. San Clemente, CA), which is a plug-in program in 
ADAMS 2010 (MSC Software, Santa Ana, CA). The generic lower-extremity 
model was then scaled based on subject’s mass, height, gender, and age as well as 
the relative positions of the ankle, knee, and hip joints determined from the ki-
nematic data. The flexible tibia represented by the MNF file was introduced to 
replace the generic tibia in the musculoskeletal model in ADAMS 2010 (MSC 
Software, Santa Ana, CA). Tri-axis hinges combined with passive torsional 
spring-dampers (1 Nm/˚ and 0.1 Nm∙s/˚) were employed to model the hip joints. 
A hinge joint with a single degree of freedom was used for knee and ankle joints 
in the sagittal plane. The right side of the model was actuated by 17 muscles, 
while the left side was controlled using motion-replicating servo controlled 
joints. The kinematics collected during drop-landing tasks were used to drive the 
musculoskeletal model with an inverse dynamics algorithm while muscles’ 
shortening/lengthening patterns were recorded [23]. Subsequently, kinematic 
constrains were removed and a forward dynamics simulation was performed 
with muscles serving as actuators and experimental ground reaction forces ap-
plied to replicate the drop-landing motion. 

A proportional-integral-derivative feedback controller was implemented to 
calculate each muscle force magnitude using the error signal between the current 
muscle length in the forward dynamics and the recorded muscle length during 
the inverse dynamics simulation [24]. The force generated by individual muscle 
was limited by its maximum force generating potential. 

Durability plug-in in ADAMS 2010 was used to measured bone strain during 
dynamic simulations. Figure 1 describes a drop-landing simulation performed 
by a subject-specific lower-extremity skeletal model and bone strains expe-
rienced by the flexible tibia. Previous research suggests that most bone strain 
occurs at about 3 Hz [25]. As a result, the strain data in the current study were 
filtered using a second order, low-pass, Butterworth filter with a cutoff frequency 
of 5 Hz. The strain values were obtained from the location previously described:  
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(a)                                                       (b) 

 
(c)                                                       (d) 

Figure 1. (a) Drop-landing simulation performed by a lower-extremity skeletal model with a right flexible tibia. (b) Maximal 
principal tensile strain of the flexible tibia at landing. (c) Minimal principal compressive strain of the flexible tibia at landing. 
(d) Maximal shear strain of the flexible tibia at landing. 

 
the medial aspect of the mid-tibial diaphysis [19]. 

SPSS v19 (IBM Inc. Chicago, IL, USA) was used to perform statistical analysis. 
The following dependent variables were examined: peak tensile strain (peak 
maximal principle strain) and strain rate, peak compressive strain (peak minimal 
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principle strain) and strain rate, and peak shear strain (peak maximal shear 
strain) and strain rate during drop-landing tasks. For each of the dependent va-
riables, a repeated measures analysis of variance (ANOVA) test was run to de-
termine the effect of drop-landing height on bone strains and strain rates. Signi-
ficance level was set at 0.05. 

3. Results 

One-way repeated measures ANOVAs were run to examine the effect of the 
drop-landing height on tibia bone strains. Significant differences in peak tensile 
strain (p = 0.001), compressive strain (p = 0.001), and shear strain (p = 0.0001) 
were observed among drop-landing tasks. As the height increased, tibia strains 
increased. Specifically, the 39 cm condition elicited larger increases in tensile 
strain (p = 0.001), compressive strain (p = 0.002), and shear strain (p = 0.001) 
from the 26 cm condition. Similarly, the 52 cm condition resulted in greater in-
creases in tensile strain (p = 0.001), compressive strain (p = 0.001), and shear 
strain (p = 0.001) than the 26 cm condition. In addition, the 52 cm condition 
resulted in greater increases in tensile strain (p = 0.073), compressive strain (p = 
0.005), and shear strain (p = 0.033) than the 39cm condition. Table 1 presents 
the means and standard deviations (SDs) of the peak tensile, compressive, and 
shears strains of the tibia during drop-landings. 

One-way repeated measures ANOVAs were run to examine the effect of the 
drop-landing height on tibia bone strain rates. Significant differences in tensile 
strain rate (p = 0.006), compressive strain rate (p = 0.005), and shear strain rate 
(p = 0.001) were found between drop-landing tasks. As the height increased, ti-
bia tensile, compressive, and shear strain rates increased. Specifically, the 39 cm 
condition resulted in larger increases in tensile strain rate (p = 0.034), compres-
sive strain rate (p = 0.066), and shear strain rate (p = 0.013) than those of the 26 
cm condition. Similarly, the 52 cm condition led to larger increases in tensile 
strain rate (p = 0.006), compressive strain rate (p = 0.005), and shear strain rate 
(p = 0.001) than those of the 26 cm condition. In addition, the 52 cm condition 
led to larger increases in tensile strain rate (p = 0.001), compressive strain rate (p = 
0.001), and shear strain rate (p = 0.001) than those of the 39 cm condition. Table 
2 presents the means and SDs of the peak tensile, compressive, and shears strain 
rates of the tibia during drop-landings. 

4. Discussion 

The purpose of the study was to assess the effect of incremented landing height  
 
Table 1. Means (SDs) of tibia bone strain during drop-landing tasks. 

Variables/Conditions 26 cm 39 cm 52 cm 

Tensile strain (µs) 1348 (524) 1645 (593)* 1796 (597) 

Compressive strain (µs) 654 (195) 797 (253)* 879 (256)* 

Shear strain (µs) 988 (334) 1204 (397)* 1321 (401)* 

*indicates a significant difference (p ≤ 0.05) from the previous drop-landing condition. 
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Table 2. Means (SDs) of tibia bone strain rates during drop-landing tasks. 

Variables/Conditions 26 cm 39 cm 52 cm 

Tensile strain rate (µs/s) 13,808 (5329) 18,471 (7405)* 21,607 (7980)* 

Compressive strain rate (µs/s) 7403 (2666) 9296 (3655) 10,913 (3733)* 

Shear strain rate (µs/s) 11,115 (3858) 13,683 (5221)* 16,063 (5524)* 

Significant differences between the current drop-landing condition and previous drop-landing condition 
were indicated (*indicates p ≤ 0.05). 

 
on tibia bone strain and strain rate during drop-landing. A group of healthy 
males took part in the study. Incremented height was introduced at the levels of 
26 cm, 39 cm, and 52 cm. It was found that significant differences in bone strain 
and strain rate exist among landing conditions. 

We had hypothesized that increasing landing height would increase tibia bone 
strain. This hypothesis was supported. Compared to the 26 cm condition, the 39 
cm condition resulted in significant increases of tibia bone strain. There were 
18.4%, 21.9%, and 21.9% increases in tensile, compressive, and shear strains, re-
spectively. Compared to the 26 cm condition, the 52 cm condition showed sig-
nificant increases in tibia bone strain. There were 33.2%, 34.4%, and 33.7% in-
creases in tensile, compressive, and shear strains, respectively. In addition, the 52 
cm condition also resulted in greater increases in tensile (9.2% more), compres-
sive (10.3% more), and shear (9.7% more) strains than the 39 cm condition. As 
the increases in bone strains corresponded to the increases in landing height, a 
dose-response relationship between incremented heights and tibia bone strains 
was revealed. Increased bone strains could trigger bone remodeling process for 
building a strong bone to better adapt to the applied mechanical loading [26]. 
Bone remodeling process could be accelerated if bone continues to experience 
large strains. Thus, increased mechanical loading on the tibia during training 
may increase risk of developing stress fracture. The dose-response relationship 
between incremented heights and bone strain indicates that the risk of stress 
fracture could be even higher when training consists of high impact loadings. 

We had hypothesized that incremented heights could lead to increases in bone 
strain rates. Our hypothesis was supported. When compared to the 26 cm condi-
tion, the 39 cm condition resulted in significant increases in strain rates. There 
were 33.8%, 25.6%, and 20.4% increases in tensile, compressive, and shear strain 
rates, respectively. Also, compared to the 26 cm condition, the 52 cm condition 
showed 58.0%, 47.4%, and 44.5% increases in tensile, compressive, and shear 
strain rates, respectively. Furthermore, the 52 cm condition exhibited higher 
tensile (11.6% more), compressive (17.4% more), and shear (17.4% more) strain 
rates than those of the 39 cm condition, respectively. In this study, a 
dose-response relationship between the incremented heights and tibia bone 
strain rates was evident. We observed that increases in bone strain rates corres-
ponded to increases in landing heights. As bone is a viscoelastic tissue, which is 
sensitive to strain rate [27] [28] [29], its remodeling process is thought to be 
heavily influenced by strain rate [4] [30]. High strain rates could elicit bone re-
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modeling process for improving bone strength [27]. On one hand, bone can re-
model itself and become stronger to resist high impact loading if enough time is 
given for the remodeling process to complete. On the other hand, if the bone 
continues to experience high strain rate during the remodeling process, micro-
damages may occur and evolve into stress fracture. In this study, the increased 
strain rates from increased impact loadings reflect an increased risk of tibia 
stress fracture. During athletic training or military basic training, if changes in 
training programs consist of unaccustomed high impact loading to the body, the 
tibias could experience increased strain rates and be exposed to increased risk of 
stress fracture. 

Interestingly, Milgrom et al. also attempted to examine the effect of landing 
height on tibia bone strains [19]. However, the authors were not able to find 
statistical differences in bone strains among landing heights of 26 cm, 39 cm, 
and 52 cm. Several factors may have contributed to their non-significant find-
ings. First, there were only four subjects examined in the study. A small sample 
size may have limited their ability to discover significant findings. Second, both 
male and female subjects were recruited in their study. There could be gender 
differences in landing mechanics, which could influence the tibia strains. Third, 
the mean age of the subject group was 44 years. Age may play a role of regulating 
the landing movement to dissipate the impacts. As landing height increases, po-
tential energy increases, so does the amount of energy absorbed by the body 
upon landing. A loading threshold may be associated with individuals perform-
ing landing movement. When this loading threshold is exceeded due to high 
impact, human bodies must regulate the landing movement to lessen the impact 
force and avoid lower extremity injury. The aged subjects tested in their study 
may have experienced such a loading threshold when the landing height exceeds 
26 cm. 

There are some issues we like to address here. First, seven participants were 
recruited for this study. This seems to be a small sample size. However, the effect 
sizes (eta squared) of the strain variables calculated were found to range from 
0.745 to 0.889, which were large. Thus, the sample size chosen in this study was 
justified. In fact, similar studies in the literature used sample sizes from 1 to 4 
[19] [23]. Second, all our participants met the US Army enlistment standards. 
Outcomes of the study are applicable to military recruits entering basic training. 
Third, some bone strain studies have suggested the existence of loading thre-
sholds, which could result in alterations of bone strain and strain rate patterns 
[19] [31]. The current study only examined landing heights from 26 cm - 52 cm 
for a group of healthy young males and did not identify such a loading thre-
shold. It is possible that further increasing the drop-landing height could reveal a 
loading threshold that may change young adult’s tibia bone response. Future 
studies should examine the effect of higher landing heights (>52 cm) on tibia 
bone strain to identify the loading threshold for the young adult population. 
Thus, accurate regression equations could be developed to improve understand-
ing of the mechanism of impact related tibia stress fractures. 
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5. Conclusion 

In summary, increased landing heights resulted in increases in bone strains and 
strain rates. A dose-response relationship existed between incremented heights 
and bone strains and strain rates. As bone remodeling is stimulated by increased 
strain and strain rate and bone is weakened during the remodeling stage, an in-
creased risk of stress fracture presents if impact related training continues. Thus, 
when developing athletic training programs to improve performance, coaches 
and athletes should consider the effect of impact loading on bone health. In or-
der to prevent tibia stress fractures, individualized training programs should be 
developed to give enough time to the trainees for building stronger bones to 
meet the new training challenges. Similarly, in the military, the administration 
and recruits need to be aware that high impact loading experienced in basic 
training is a risk factor of tibia stress fracture. Preconditioning programs for im-
proving tibia bone strength would be helpful for military recruits before their 
basic training starts. 
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