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Abstract

Despite the benefits of exercise for bone health, the development of protocols to improve bone
quality in fracture prone areas remains a challenge because of the difficulty in determining how
bone is loaded in vivo. Discussions persist regarding whether the femoral neck is in bending or
compression and the degree to which muscle forces contribute to loading. We simulated the loads
during walking using subject-specific muscle-driven finite element models and compared three load-
ing configurations: [1] all hip-spanning muscle and joint forces, [2] a sub-set of hip muscle and joint
forces, and [3] hip joint forces only. We found that the use of the hip joint contact force alone re-
sulted in large tensile and compressive principal strains. However, including muscle forces resulted
in significantly decreased strain magnitudes and a change of mode to uneven compression in the
femoral neck suggesting that the inclusion of muscle forces offset the bending moment observed in
a hip-joint-force-only model. In the pertrochanter, including hip muscle forces increased the com-
pressive and tensile strains. Together, these findings indicate that including hip-spanning muscle
forces changes the mode and distributions of strains in the femoral neck as well as strain magni-
tudes in the pertrochanter. Future studies will benefit from including both muscle and joint reaction
forces in simulations of bone under in vivo loading conditions in order to develop informed exercise
interventions to improve bone health.
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1. Introduction

Exercise has been shown to be an inex-
pensive and promising means for encouraging
bone adaptation Fuchs et al. (2001), MacKelvie
et al. (2001), Petit et al. (2002), Lang et al.
(2014), Nikander et al. (2009) and is most effec-
tive when the loads incurred are different from
those expected during everyday activities. Un-
fortunately, targeted adaptation of the femoral
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neck, a region prone to fracture following a fall,
has been less successful with variable results
reported in exercise-induced adaptation Lang
et al. (2014), Nikander et al. (2009). In order
to identify activities that encourage bone adap-
tation and mitigate femoral neck fractures, it is
critical to first understand femoral neck loading
during regular activity and quantify the resulting
mechanical environment Kersh et al. (2018).

One of the first studies on daily loading of the
femoral neck was by Julius Wolff in 1892 Wolff
(1893, 1986) in which he posited two theories
related to bone adaptation: (1) Wolff’s Law of



bone formation, which suggests that bone will
adapt in response to the forces applied and (2)
Wolff’s Trajectorial Theory. The latter, founded
on Ward’s and Von Meyer’s models, was based
on modeling the femur as a curved cantilever
beam with only the hip joint force acting at the
femoral head. This loading results in bend-
ing with compression on the medial/inferior side
of the femoral neck and tension on the lat-
eral/superior side. Wolff supported the Trajecto-
rial Theory by referring to the bending caused by
the neck shaft angle and most famously, that the
trabecular structures in the femoral neck aligned
with the tensile and compressive stresses Wolff
(1893, 1986), Hammer (2015).

However, the mechanical state of physiolog-
ically loaded bone, and its consequence on
adaptation, has since been re-evaluated. Tay-
lor and colleagues first demonstrated that the
diaphysis of the femur is predominantly loaded
in compression and not bending when muscle
forces are included in finite element (FE) sim-
ulations Taylor et al. (1996). Using numerical
models, Duda et al added evidence that mus-
cle forces play a substantial role in balancing
loads in the femur diaphysis and trochanter and
that bending moments decreased when muscle
forces were included Duda et al. (1997, 1998).

Rudman and colleagues used a 2D plane
stress FE model to show that there are pre-
dominantly compressive stresses in the proxi-
mal femur when capsular ligament forces were
included Rudman et al. (2006). These compu-
tational findings are supported by Simoes et al,
who showed experimentally using strain gauges
placed along a synthetic femur that strains de-
creased when both muscle forces and the hip
joint reaction force were applied in contrast to
application of the hip force alone Simões et al.
(2000).

Despite the evidence indicating that muscle
forces change the strain state and magnitudes
of the femur, the inclusion of muscles forces in
models of physiological activities is limited. Of-
ten, the rationale for this simplification is that
muscle forces are difficult to quantify and ap-
ply experimentally or computationally. Of the 22

muscles that span the hip, an analysis of their
contribution to femoral neck loads indicates that
3 muscles (gluteus medius, gluteus minimus,
and the iliopsoas) account for more than 90%
of the strain in the femoral neck Kersh et al.
(2018). However, their contribution to femoral
neck loading compared to the hip joint reaction
force alone was not evaluated.

To our knowledge, no study has directly com-
pared the strain distributions between subject-
specific femoral FE models with and without
muscle forces. Thus, it remains unclear whether
including muscle forces results in significant dif-
ferences in femoral neck strains during physio-
logical tasks such as walking. Understanding
whether muscle forces influence the strain state
of the proximal femur is needed to justify the
expense and effort of including muscle forces
in computational predictions of bone mechanics
during physiological tasks.

Therefore, the aim of this study was to use 3D
subject-specific finite-element models to com-
pare principal strains and their orientations dur-
ing walking for three loading configurations: [1]
hip joint force and all hip-spanning muscles, [2]
hip joint force and muscles forces from gluteus
medius, gluteus minimus, and the iliopsoas, and
[3] hip joint force only. Strain was computed
because it has been suggested as a likely me-
chanical stimulus for bone (re)modeling Frost
(1983, 2001), Mullender and Huiskes (1995),
Goodship et al. (1979), Lanyon and Baggott
(1976). Principal orientation was computed
as an indicator of trabecular bone orientation
Ryan and Ketcham (2005), Martin et al. (2015),
Biewener et al. (1996), TOBIN (1955) and
patterns of mechanoadaptation Verhulp et al.
(2008). The principal strains and their orienta-
tions were compared in 20 regions of the prox-
imal femur. We hypothesized that the model
with the hip contact force and all muscle forces
would have the lowest principal strains and dif-
ferent principal strain orientations compared to
the model with hip contact force only.
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2. Materials and Methods

2.1. Gait Experiments, Computed Tomography
Imaging, and Musculoskeletal Modeling

A subset of data (n=20) from a previously
published study were analyzed Kersh et al.
(2018). To summarize, postmenopausal women
(ages 60-74 years) with no history of lower-
extremity fractures, drug therapy, and muscu-
loskeletal disease were asked to walk at a self-
selected speed. Kinematic and ground reac-
tion force data were collected using a nine-
camera motion capture system and three in-
ground force plates, respectively. A generic
musculoskeletal model (OpenSim) Delp et al.
(2007) was scaled to each participant and in-
verse kinematic analysis was used to calcu-
late the joint angles, which were then com-
bined with ground reaction force data to cal-
culate the joint torques using inverse dynam-
ics. Static optimization was used to calculate
muscle forces and verified against electromyo-
graphic data recorded for a subset of lower-limb
muscles. Computed tomography (CT) images of
the lower limbs were acquired with an isotropic
voxel size of 0.5mm, and a calibration phantom
was used to convert CT attenuation data into
apparent Young’s modulus.

2.2. Finite Element Modeling
The femur was segmented from the CT im-

ages (Amira v5.3; Thermo Scientific, Hillsboro,
OR, USA) and discretized into quadratic tetra-
hedral elements (Abaqus v6.11; Simulia, Paris,
France). The FE model assumed spatially het-
erogeneous, isotropic Young’s moduli and a
Poisson’s ratio of 0.3 Wallace (2013), Wirtz et al.
(2000). The hip joint force was applied as a
point vector on the femoral head and muscle
forces were applied at the node closest to the
muscle attachment point and oriented along the
muscle force line-of-action. The distal end of
the femur was constrained against all displace-
ments, and axial springs were applied to the
femoral head to represent the hip capsule.

We developed three different models from
these data: Load 1 - JRF+all hip spanning mus-
cles: hip joint contact force, gluteus medius,

gluteus maximus, gluteus minimus, iliopsoas,
and several other smaller hip spanning mus-
cles, Load 2 - JRF+some hip spanning mus-
cles: hip joint contact force, gluteus medius, glu-
teus minimus, and the iliopsoas, and Load 3
- JRF only: hip joint contact force only (Table
S1). The lateral/superior, medial/inferior, ante-
rior, and posterior quadrants of 5 regions (prox-
imal femoral neck, middle femoral neck, dis-
tal femoral neck, pertrochanter, subtrochanter)
were identified based on anatomical landmarks
(Fig. 1A).

2.3. Principal Strain and Principal Orientation
Calculations

The time point corresponding to maximum
strains during the first half of the stance phase
Kersh et al. (2018) was used to calculate the
element-wise principal strains and orientations
in MATLAB (vR2018b; MathWorks, Natick, MA,
USA). First, elements with Young’s moduli be-
low 1000 MPa Novitskaya et al. (2011) were as-
sumed to correspond to bone marrow and were
removed from the analysis. The strain tensor
for each remaining element was assembled ac-
cording to Equation 1:

εij =

ε11 ε12 ε13
ε21 ε22 ε23
ε31 ε32 ε33

 (1)

where εij is the strain in each coordinate di-
rection.

Next, the maximum (ϵ1) and minimum (ϵ3)
principal strains were calculated according to
Equations 2, 3 and 4:

Det
∣∣εij − λI

∣∣ = 0 (2)

ε1 = max
(
λ1, λ2, λ3

)
(3)

ε3 = min
(
λ1, λ2, λ3

)
(4)

where
(
λ1,λ2,λ3

)
are the eigenvalues of the

strain tensor and I is the identity matrix.
For each subject, the elements correspond-

ing to the median and 95th percentile principal
3



Figure 1: Subject-specific (n=20) FE models were divided into three regions along the femoral neck and two in the
trochanter. Each region was further subdivided into anatomical quadrants (Lat=lateral, Ant=anterior, Post=posterior,
Med=medial, Sup=superior, Inf=inferior) (A). Principal strains and orientations (B) were calculated within each anatom-
ical quadrant.

strain in each region of the proximal femur were
identified. The median principal strain of all
twenty subjects was then calculated for each re-
gion and for all three loading conditions. In this
study, maximum and minimum principal strains
are synonymous with tensile and compressive
strains, respectively.

We calculated the principal strain orientation
(v) using the eigenvector (λ) corresponding to
the tensile and compressive principal strains
(Equations 5,6): ∣∣εij − λI

∣∣ v = 0 (5)

v =
[
vx vy vz

]
(6)

The x, y, and z directions of the principal ori-
entation vector correspond to the medial, pos-
terior, and proximal anatomical directions in the
FE model, respectively. The vector components
were then used to calculate two orientation an-
gles: alpha (y/x, in the transverse plane) and
beta (z/x, in the coronal/frontal plane) (Fig. 1B).

2.4. Statistical Analysis
Normality was checked using the

Kolmogorov-Smirnov test and because all
data were found to be non-normally distributed,
the results are presented as medians and
median absolute deviations. We compared the
“all muscle” group (Load 1) to the remaining
two load groups (Load 2 and 3) using a linear
mixed-effects model (Equation 7) at an alpha
level of 0.05.

MechV ariable ∼ Condition+
(
1 | Subject

)
(7)

where MechVariable corresponds to max/min
principal strain or principal orientation, condition
is Load 1, 2, or 3, and subject was included as a
random variable. All analyses were performed
in MATLAB R2018b (MathWorks, Natick, MA,
USA).

3. Results

For all analyses, the maximum principal
strains were in tension and minimum principal
strains were in compression. These values are
herein referred to as the median tensile and
compressive strains, respectively where median
refers to the median of all subjects. Overall,
the effect of different loading conditions on the
tensile and compressive strains was similar for
all three regions of the femoral neck and be-
tween the subtrochanter and pertrochanter re-
gions. Here we report the data for the middle
femoral neck and pertrochanter. Data for the re-
maining sections are reported in Supplemental
Tables 5 and S3.

3.1. Principal Strain

Overall strain state: Within the femoral neck,
the compressive strains during walking were
greater in magnitude than the tensile strains
for all loading conditions with the exception
of the superior neck under Load 3 (Table 1).
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Table 1: Median (median absolute deviation) of tensile and compressive microstrains for 3 loading conditions in four
quadrants of the middle femoral neck and pertrochanter. *p<0.05, **p<0.01, *** p<0.001

Median Tensile Strain (µε) Median Compressive Strain (µε)

Load 1:
All muscle

+ JRF

Load 2:
Some muscle

+ JRF

Load 3:
JRF only

Load 1:
All muscle

+ JRF

Load 2:
Some muscle

+ JRF

Load 3:
JRF only

Middle Neck

Superior 601 (198) 670 (179) 1440 (175)*** -854 (272) -845 (251) -519 (107)***
Posterior 565 (128) 610 (127) 836 (191)*** -1405 (275) -1528 (320)* -996 (234)***
Inferior 516 (94) 544 (102)* 679 (113)*** -1608 (275) -1690 (293)* -1989 (316)***
Anterior 408 (93) 469 (130)** 662 (118)*** -946 (146) -914 (174) -1276 (270)***

Pertrochanter

Lateral 1447 (258) 1424 (240) 439 (116)*** -766 (140) -766 (119) -294 (65)***
Posterior 613 (154) 650 (189) 481 (91)** -708 (161) -769 (172)* -607 (117)***
Medial 577 (104) 645 (76)*** 561 (82)** -1414 (225) -1562 (211)*** -1396 (220)**

Anterior 856 (240) 1019 (255)* 478 (123)*** -996 (228) -1056 (223) -581 (108)***

When only the joint reaction force was used,
the tensile strains in the superior quadrant was
larger than the compressive strains (1440 µε
vs -519 µε). For all loading conditions in the
pertrochanter, the tensile strains were consis-
tently larger than the compressive strains in the
lateral quadrant, and the compressive strains
were larger than the tensile strains in the pos-
terior, medial, and anterior quadrants.

As muscle forces were progressively included
from Load 3 to 1, the strain range (max -
min) in the femoral neck across all four quad-
rants decreased, resulting in a more homo-
geneous strain distribution. For example, in
the middle femoral neck the range of tensile
strains decreased from 778 to 201 to 193 µε
and 1470 to 845 to 754 µε for compressive
strains. Similar decreases in strains were evi-
dent from Load 3 to 1 for compressive strains
in the pertrochanter (1102 to 796 to 706 µε).
However, the pertrochanteric tensile strains be-
came less homogeneous as muscle forces were
added (122 to 779 to 870 µε).
Regional effect of including muscles:

Relative to Load 1 (JRF+all muscles), the use
of the hip joint reaction force alone (Load 3)
increased tensile strains in all four quadrants
of the middle neck with the largest increase in
the superior quadrant (+140.7%, p<0.001) and

the smallest in the inferior quadrant (+25.9%,
p<0.001). The use of some muscles + JRF
(Load 2) resulted in similar trends in the inferior
and anterior quadrants but to a lesser degree
with increases of +5.3% (p=0.038) and +20.2%
(p=0.009), respectively (Table 1, Fig. 2A).

The effect of muscle forces on compressive
strains in the femoral neck was more variable.
Models using only the joint reaction force de-
creased the compressive strains by an average
of 35% in the superior and posterior quadrants
(p<0.001) and increased compressive strains
by 32% in the inferior and anterior quadrants
(p<0.001) compared to those models using all
forces. Load 2 (some muscles + JRF) increased
compressive strains in the posterior and inferior
quadrants by an average of 8% (Table 1, Fig. 2).

Within the pertrochanter, both the compres-
sive and tensile strains in all four quadrants
were lower in models using only the JRF com-
pared to all loads (p<0.0074, bottom half of Ta-
ble 1). The lateral quadrant had the largest
decrease in tensile and compressive strains, -
70.9% and -60.3%, respectively, while the me-
dial quadrant had the smallest decrease (-3%
and -2.4%, Fig. 2B). Conversely, including some
muscles (Load 2) increased the tensile strains
in the medial and anterior quadrants (p<0.015),
and increased the compressive strains in the
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Figure 2: Percent change in loading conditions 2 and 3 relative to loading condition 1 for median tensile and compressive
strains in four quadrants of the middle femoral neck (A) and pertrochanter (B). Regions with white or black text were
significantly different from Load 1 and gray text was not significantly different.

posterior and medial quadrants (p<0.038).

3.2. Principal Orientation
Overall, there was no difference in principal

strain orientations in the femoral neck when
some muscle forces were used compared to
the case when all muscles were applied (Table
2, Fig. 3). The use of the JRF alone shifted
the compressive principal strain direction later-
ally by 62◦in the superior quadrant of the mid-
femoral neck and 29◦in the posterior quadrant
(p=0.004 and p<0.001, respectively) compared
to when all loads were included. The tensile
strain orientation of the anterior quadrant was
also shifted laterally by 141◦(p=0.0032). There
were no changes in the orientation of principal
strains in the inferior quadrant.

Within the posterior pertrochanter, relative to
Load 1, Load 3 shifted the tensile strain orien-
tation laterally by 48◦(p<0.001). In contrast the
compressive strain orientation was shifted me-
dially by 59◦(p=0.019) in the posterior quadrant.
The use of muscles had a moderate effect on
the compressive orientation in the medial quad-
rant (average of 7.5◦medial shift, p=0.047 and

p=0.007). There were no significant changes in
the orientation of principal strains in the anterior
or lateral quadrants of the pertrochanter.
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Figure 3: Median compressive and tensile orientation for 3 loading conditions in four quadrants of the middle femoral
neck and pertrochanter. Angular values represent differences in principal orientation between Load 1 and 3, where
values in black bold were significantly different. Dashed lines denote compressive orientation while solid lines denote
tensile orientation.

Table 2: Median (median absolute deviation) of tensile and compressive beta orientation for 3 loading conditions in four
quadrants of the middle femoral neck and pertrochanter. Angle of degree 0 is pointing in the medial direction and 180
in the lateral direction. *p<0.05, **p<0.01, *** p<0.001

Tensile Orientation Beta (◦) Compressive Orientation Beta (◦)

Load 1:
All muscle

+ JRF

Load 2:
Some muscle

+ JRF

Load 3:
JRF only

Load 1:
All muscle

+ JRF

Load 2:
Some muscle

+ JRF

Load 3:
JRF only

Middle Neck

Superior 36.5 (8.7) 39.8 (11.3) 26.7 (6.1) 54.1 (43.2) 47.8 (26) 116.1 (9.3)**
Posterior 119.9 (57.2) 100.1 (60.3) 27.8 (20.7) 70.5 (11.8) 67.7 (4.8) 99.5 (3.4)***
Inferior 152.3 (10) 144.5 (28.6) 153.7 (6.1) 66.2 (10.1) 71.1 (7.1) 65.7 (8.1)
Anterior 25.6 (16.6) 23 (6.6) 166.5 (9.9)** 80.6 (13.7) 93.3 (13.9) 81.1 (5)

Pertrochanter

Lateral 100.3 (8.8) 101 (14.6) 81.3 (12.1) 30.2 (20.2) 49.3 (29.2) 134.8 (34.8)
Posterior 100.2 (41) 123.3 (14.6) 41.2 (20.6)*** 79.9 (44.8) 94.5 (52.3) 127.5 (20.7)*
Medial 33.1 (28) 104.3 (67.2) 162.7 (13.6) 89.3 (6.1) 81.9 (5.1)* 82.8 (5)**

Anterior 67.5 (14.5) 54.3 (8.6) 56 (11.8) 131.5 (10.4) 136.5 (7.6) 153.2 (9.4)

4. Discussion

Our simulations of walking using only the joint
reaction force resulted in a state of bending in
the femoral neck: the superior neck experienced
maximum tensile strains while the inferior neck

resulted in maximum compressive strains (Ta-
ble 1). However, when muscle forces were in-
cluded (Load 1 and 2), the maximum princi-
pal strains of all four quadrants were in com-
pression (

∣∣−ε3
∣∣ > ∣∣ε1∣∣), suggesting that includ-

ing muscle forces decreased the bending mo-
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ment observed in a hip joint force only model.
The shift from bending to uneven compression
due to the combined loading of muscle and
hip forces is consistent with other studies that
have found that the femoral neck is loaded in
compression when muscle forces are included
Taylor et al. (1996), Duda et al. (1997), Rud-
man et al. (2006), Sverdlova and Witzel (2010).
However, these previous studies did not answer
whether the differences were statistically signif-
icant since the sample sizes were low (n=1) or
model data were derived from different sources.

Our results illustrate that without muscle
forces (Load 3), compressive and tensile strains
are significantly different in every quadrant from
models that include muscle forces. The inclu-
sion of some muscle forces (Load 2) resolves
some of the discrepancies, but compressive
and tensile strains remained significantly differ-
ent in the inferior and anterior quadrants of the
femoral neck. Likewise, in the pertrochanter
the use of the joint reaction force alone resulted
in significantly different tensile and compressive
strains in every quadrant, and Load 2 had signif-
icantly different strains for two quadrants. How-
ever, these changes did not alter the balance of
tension and compression in the pertrochanter.
Compressive strains remained larger than ten-
sile strains for all three models and in every
quadrant besides the lateral quadrant, which
may be due to the proximity of muscle forces
in the pertrochanter.

With decreased bending, and subsequently
smaller tensile strains, the models with mus-
cle forces do not follow Wolff’s traditional ten-
sile pattern in the femoral neck, supporting other
studies that have questioned the validity of the
Trajectorial Theory Hammer (2015), Fetto et al.
(2002), Skedros and Baucom (2007), Sverdlova
(2011). Loading a majority of the trabecular
bone in compression makes for better use of
the mechanical properties of bone and may
be more likely to induce bone remodeling Ske-
dros et al. (2001), Hammer (2015), Morse et al.
(2014), Keaveny et al. (2001). Our results con-
tradict the large tensile trajectory in the femoral
neck - a central claim of the Trajectorial The-

ory - but we do not ignore that there remain ap-
preciable tensile strains (Table 1) when muscle
forces are included, and some combination of
bending and compression in the femoral neck
is likely Sverdlova (2011). This is evidenced by
the fact that compressive strains were not uni-
form - and were instead larger in the inferior-
posterior quadrants compared to the superior-
anterior quadrants.

Including muscle forces also tended to signifi-
cantly decrease the overall strain magnitudes in
the femoral neck, as reported by others when
analyzing strains throughout the femur Simões
et al. (2000), Ganapathi et al. (2008), Duda et al.
(1997). For example, strain gauge measure-
ments of the inferior femoral neck from Simoes
and colleagues showed a similar decrease in
magnitude (≈ 400 µε) when including mus-
cle forces Simões et al. (2000). According to
the mechanostat theory, this decrease may be
physiologically significant, as the largest strain
value (-1989 µε) in the JRF only model reached
the lower limit of the modeling minimum effec-
tive strain (MES), which has been proposed
to be the threshold which triggers a bone re-
sponse to reduce strain Frost (1983, 1990). On
the other hand, the strain values in the model
with muscle forces (-1608 to -854 and 408 to
601 µε) are more consistently within the physio-
logical loading zone defined by the mechano-
stat theory. The opposite trend is evident in
the pertrochanter, wherein strains in this region
may be underpredicted (-294 µε) without mus-
cle forces. When muscle forces are included,
compressive and tensile strains increase in the
pertrochanter and fall within a more physiolog-
ically realistic strain range (-1414 to -708 and
577 to 1447 µε, Table 1). Several finite ele-
ment studies also point to the physiological sig-
nificance of a homogeneous strain distribution
as a result of an optimal distribution of material
to sustain mechanical loadsDuda et al. (1998),
Sverdlova and Witzel (2010). In our models,
when both muscle and the joint reaction force
were included, the strain distributions within the
femoral neck were more homogeneous.

The strain orientations in the middle neck and
8



pertrochanter were sensitive to muscle forces,
but only in certain quadrants (Tables 1, 2). In
the femoral neck, the largest changes in orien-
tation occurred in the superior quadrant, while
the inferior quadrant saw no change in orienta-
tion. These results follow the same pattern as
the changes in strain magnitude, potentially in-
dicating a link between loading mode (bending
vs. compression) and strain orientation. In the
pertrochanter, the largest changes occurred in
the posterior and medial quadrants, which did
not follow the same pattern as strain magnitude.
Both the femoral neck and pertrochanter were
more sensitive to changes in their compressive,
rather than tensile, orientation. The influence of
muscle forces on strain orientation in the prox-
imal femur should not be ignored and may be
particularly relevant for studies modelling bone
adaptation or investigating trabecular bone ori-
entation.

There are a few limitations to this study. The
results shown here may differ for activities other
than walking or non-postmenopausal individu-
als. For higher loading activities, different nu-
merical strain values and trends are likely due
to the difference in magnitude and relative con-
tribution of muscle groups Kersh et al. (2018).
Another limitation is that our models assumed
isotropic Young’s moduli. Orthotropic moduli
would undoubtedly provide more realistic ma-
terial properties, but the error due to isotropic
moduli is small Peng et al. (2006) and system-
atic when comparing the three models. Lastly,
proximal femur geometry may also contribute
to bending. Others have shown that the hip
axis length and neck shaft angle is linked to
the degree of bending and hip fracture risk Gre-
gory and Aspden (2008), Thevenot et al. (2014),
Kazemi et al. (2016), but we do not expect these
parameters to affect our results since the role of
muscle forces on the same subject was consid-
ered.

In conclusion, our findings support the hy-
pothesis that finite element models used to
calculate femoral neck strains during walking
should not neglect the contribution of muscle
forces, as they reduce bending and result in a

different strain distribution pattern. While sub-
ject specific FE modeling, as done here, is time
consuming and not always feasible; the location,
direction, and magnitude of muscle forces may
be estimated with published data Viceconti et al.
(2003), Cristofolini et al. (1995) and would likely
yield more physiologically accurate loading of
the proximal femur. The introduction of telemet-
ric implants - which provide measures of joint
reaction forces in persons following joint arthro-
plasty - are a valuable source for physiological
boundary conditions; however these joint loads
measured are a response to muscle forces and
therefore only represent a subset of the physi-
ological loads applied to bone. FE models in-
cluding muscle forces are useful tools for un-
derstanding how bone is physiologically loaded
during normal activity, which is critical to identify
activities that may encourage bone remodeling
and prevent femoral neck fractures.
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Supplemental Data

Table S1: Loading conditions used to evaluate contributions of muscle forces to principal strains in the proximal femur.
Load 1 Load 2 Load 3

Joint reaction force ✓ ✓ ✓
Gluteus medius ✓ ✓
Gluteus minimus ✓ ✓

Iliopsoas (psoas, iliacus) ✓ ✓
Gluteus maximus ✓

Adductors (brevis, longus, magnus) ✓
Quadratus femoris ✓

Vastus medialis, lateralis and intermedius ✓
Biceps femoris short ✓

Gemelli ✓
Pectineus ✓
Piriformis ✓
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Table S2: Median (median absolute deviation) of tensile and compressive microstrains for 3 loading conditions in four
quadrants of the proximal neck, middle neck, distal neck, pertrochanter and subtrochanter. *p<0.05, **p<0.01, ***
p<0.001

Median Tensile Strain (µε) Median Compressive Strain (µε)

Load 1:
All muscle

+ JRF

Load 2:
Some muscle

+ JRF

Load 3:
JRF only

Load 1:
All muscle

+ JRF

Load 2:
Some muscle

+ JRF

Load 3:
JRF only

Proximal Neck
Superior 639 (138) 702 (145) 990 (253)*** -871 (318) -833 (296) -599 (104)***

Med % change 9.9 56.2 -1.1 -37.4
Posterior 651 (134) 725 (172)* 786 (124)*** -1556 (224) -1672 (221)** -1456 (223)***

Med % change 9 18.9 6.2 -11.7
Inferior 583 (106) 655 (134)* 787 (128)*** -1679 (317) -1762 (358) -1990 (271)***

Med % change 6.9 30.1 3.8 20
Anterior 474 (101) 490 (99) 893 (114)*** -909 (207) -859 (227) -1274 (312)***

Med % change 0.8 85.7 -2.6 43.2
Middle Neck

Superior 601 (198) 670 (179) 1440 (275)*** -854 (272) -845 (251) -519 (107)***
Med % change 20.5 140.7 -6.4 -43.1

Posterior 565 (128) 610 (127) 836 (191)*** -1405 (275) -1528 (320)* -996 (234)***
Med % change 9.1 62.5 10.9 -26.9

Inferior 516 (94) 544 (102)* 679 (113)*** -1608 (275) -1690 (293)* -1989 (316)***
Med % change 5.3 25.9 4.7 22.2

Anterior 408 (93) 469 (130)** 662 (118)*** -946 (146) -914 (174) -1276 (270)***
Med % change 20.2 41.7 0.7 41.3

Distal Neck
Superior 657 (128) 714 (134) 1154 (152)*** -1247 (242) -1238 (204) -439 (67)***

Med % change 6.7 83.7 -4.3 -67.7
Posterior 449 (95) 478 (95) 621 (188)** -944 (159) -987 (193) -566 (82)***

Med % change 6.8 32 6 -41.8
Inferior 510 (70) 531 (66)* 596 (64)*** -1544 (229) -1612 (236)* -1750 (241)***

Med % change 3.8 13.4 3.8 12.7
Anterior 580 (140) 800 (197)*** 369 (66)*** -1104 (243) -1113 (259) -702 (122)***

Med % change 31.4 -43.1 2.9 -35.9
Pertrochanter

Lateral 1447 (258) 1424 (240) 439 (116)*** -766 (140) -766 (119) -294 (65)***
Med % change -1.3 -70.9 -1.4 -60.3

Posterior 613 (154) 650 (189) 481 (91)** -708 (161) -769 (172)* -607 (117)***
Med % change 4.8 -19 12.5 -19.8

Medial 577 (104) 645 (76)*** 561 (82)** -1414 (225) -1562 (211)*** -1396 (220)**
Med % change 10.8 -3 8.3 -2.4

Anterior 856 (240) 1019 (255)* 478 (123)*** -996 (228) -1056 (223) -581 (108)***
Med % change 15.4 -42.6 6.1 -39.7

continued on next page

Median Tensile Strain (µε) Median Compressive Strain (µε)

Load 1:
All muscle

+ JRF

Load 2:
Some muscle

+ JRF

Load 3:
JRF only

Load 1:
All muscle

+ JRF

Load 2:
Some muscle

+ JRF

Load 3:
JRF only

Subtrochanter
Lateral 1369 (321) 1428 (292) 686 (177)*** -536 (111) -626 (100)* -230 (36)***

Med % change 2.2 -46 13.5 -52
Posterior 728 (195) 861 (181)* 287 (68)*** -741 (162) -895 (169)*** -407 (100)***

Med % change 11.3 -59.3 26.3 -34.5
Medial 669 (116) 728 (119)*** 492 (83)*** -1737 (289) -1943 (311)* -1515 (251)***

Med % change 11.8 -14.9 6.4 -9.6
Anterior 485 (159) 702 (180)** 228 (66)*** -837 (289) -895 (231) -332 (144)***

Med % change 29.6 -54.1 10.6 -53
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Table S3: 95th percentile (median absolute deviation) of tensile and compressive microstrains for 3 loading conditions
in four quadrants of the proximal neck, middle neck, distal neck, pertrochanter and subtrochanter. *p<0.05, **p<0.01,
*** p<0.001

95% Tensile Strain (µε) 95% Compressive Strain (µε)

Load 1:
All muscle

+ JRF

Load 2:
Some muscle

+ JRF

Load 3:
JRF only

Load 1:
All muscle

+ JRF

Load 2:
Some muscle

+ JRF

Load 3:
JRF only

Proximal Neck
Superior 853 (151) 1001 (188) 1709 (388)*** -1503 (359) -1516 (263) -1285 (201)**

Med % change 12.5 76.7 3.5 -17.1
Posterior 870 (169) 970 (202) 1210 (264)*** -2158 (364) -2345 (483)*** -2191 (477)*

Med % change 7.9 34 7.1 -1.7
Inferior 812 (188) 820 (176) 1051 (153)*** -2232 (416) -2298 (419)* -2719 (415)***

Med % change 5.4 28.7 4.4 24.2
Anterior 693 (139) 764 (117) 1179 (161)*** -1699 (386) -1645 (334) -2309 (323)***

Med % change 1.9 68.9 0.3 33
Middle Neck

Superior 877 (269) 1042 (291) 2232 (465)*** -1433 (380) -1268 (290) -869 (155)***
Med % change 17.3 126 -4.3 -43.9

Posterior 787 (133) 866 (160) 1458 (395)*** -2025 (268) -2232 (362)*** -1833 (355)***
Med % change 9.6 85.7 11.6 -17.4

Inferior 767 (138) 830 (138)** 1038 (116)*** -2219 (286) -2445 (352)** -3013 (472)***
Med % change 7.6 29.3 8.3 28.7

Anterior 695 (139) 791 (187)** 1029 (194)*** -1517 (343) -1442 (344) -2140 (380)***
Med % change 21.9 37.2 -2.1 46.5

Distal Neck
Superior 1274 (375) 1414 (391) 2007 (355)*** -2372 (439) -2278 (374) -725 (105)***

Med % change 18 75.7 -8.1 -72.5
Posterior 672 (120) 699 (129) 1503 (265)*** -1488 (246) -1655 (292)* -1031 (197)***

Med % change 8.2 126.3 11.2 -36.2
Inferior 765 (123) 831 (110)** 971 (185)*** -2240 (322) -2461 (343)** -2921 (512)***

Med % change 8.7 20.5 7.9 21.9
Anterior 1193 (358) 1410 (379)*** 819 (166)*** -1648 (293) -1671 (315) -1580 (284)

Med % change 32.9 -33.1 1.1 3.6
Pertrochanter

Lateral 2791 (678) 2666 (699) 1123 (217)*** -2019 (628) -1998 (635) -542 (116)***
Med % change -2.6 -61.4 -0.9 -74.6

Posterior 1491 (321) 1542 (462) 1059 (254)*** -1562 (291) -1525 (243) -927 (150)***
Med % change -2.1 -30.8 6.1 -34

Medial 908 (89) 1012 (125)** 834 (125)** -2678 (334) -2747 (414)** -2449 (301)***
Med % change 10.5 -8.8 3.4 -4.5

Anterior 1455 (331) 1577 (391)** 896 (204)*** -1668 (315) -1751 (266) -966 (198)***
Med % change 11.6 -30 2.2 -35

continued on next page

95% Tensile Strain (µε) 95% Compressive Strain (µε)

Load 1:
All muscle

+ JRF

Load 2:
Some muscle

+ JRF

Load 3:
JRF only

Load 1:
All muscle

+ JRF

Load 2:
Some muscle

+ JRF

Load 3:
JRF only

Subtrochanter
Lateral 2205 (501) 2175 (442) 1142 (236)*** -805 (142) -894 (170) -426 (88)***

Med % change -0.4 -41.2 7.3 -43
Posterior 1678 (351) 1603 (366) 651 (219)*** -1359 (231) -1595 (290)*** -1267 (223)

Med % change -1.4 -60.3 22 -0.2
Medial 917 (189) 1041 (199)*** 717 (113)*** -2531 (426) -2706 (503) -2260 (359)***

Med % change 11.9 -13.4 4 -11
Anterior 836 (183) 1086 (232)* 537 (140)*** -1725 (224) -1742 (255) -1396 (376)***

Med % change 22.4 -31.8 -1.7 -22.2
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Table S4: Median (median absolute deviation) of tensile and compressive alpha orientation for 3 loading conditions in
four quadrants of the proximal neck, middle neck, distal neck, pertrochanter, and subtrochanter. *p<0.05, **p<0.01, ***
p<0.001

Tensile Orientation Alpha (◦) Compressive Orientation Alpha (◦)

Load 1:
All muscle

+ JRF

Load 2:
Some muscle

+ JRF

Load 3:
JRF only

Load 1:
All muscle

+ JRF

Load 2:
Some muscle

+ JRF

Load 3:
JRF only

Proximal Neck
Superior 70.5 (13.9) 60.2 (15.5) 149.3 (23.6) 136.9 (19.6) 128.8 (17.6) 62.4 (10.3)***

Med % change -10 36.5 -11.9 -54.1
Posterior 62.6 (15.4) 55.2 (11.9) 133.5 (43.5) 29.4 (18) 112.4 (50.6) 80.7 (40.3)

Med % change -8.2 104.7 20.7 23.2
Inferior 41 (15.9) 43.2 (12.8) 99.6 (48.9)*** 133 (20.7) 128.1 (13.5) 146.3 (13.8)

Med % change 20.3 115.5 -6.8 11.9
Anterior 115.8 (45.4) 142.7 (34.9) 154.8 (7.2) 134.3 (17.2) 112.3 (14.1)*** 114.1 (7.1)*

Med % change -4.5 21.1 -20.2 -9.4
Middle Neck

Superior 65.4 (24.4) 53.7 (18.8) 160.7 (8.1)*** 154.9 (13.5) 129.6 (18.1)* 99.7 (43)***
Med % change -2.8 133.4 -10.4 -30.1

Posterior 80.3 (10.5) 79.1 (20.4) 157.3 (10.4)** 152.3 (16.9) 158.6 (11.2) 75.9 (31.1)**
Med % change -1.3 69 3.8 -45.1

Inferior 71 (48.6) 58 (21.1) 129.9 (19.3) 144.1 (17.2) 139.9 (16.2) 148.5 (10.8)
Med % change -1.6 64 -2.2 8.2

Anterior 49.9 (25.5) 38.6 (22.5) 158.3 (10)*** 95.5 (35.4) 83.8 (26.6) 113.9 (15.8)*
Med % change -2.2 72.4 -15.6 6.6

Distal Neck
Superior 70 (26.9) 67.2 (28) 152.9 (15.5)* 152.9 (5.2) 145.9 (6.9) 39.4 (35.1)***

Med % change -1.5 82 -1 -60.5
Posterior 82.8 (7.5) 77.4 (6.3) 147 (8.3)*** 147.5 (20.5) 139.1 (19.7) 139.7 (35.8)

Med % change -2.9 81.3 -0.6 5.1
Inferior 72.6 (46.1) 78.6 (38.2) 71.8 (44.1) 122.8 (27.3) 121 (23) 143.5 (15.1)

Med % change -8.5 -4.2 6.4 21
Anterior 142.3 (28.3) 161.8 (12.4)* 100.3 (27.2) 35.8 (26.2) 29.4 (22) 35.2 (29.5)

Med % change 7.5 0.9 -26.7 14.8
Pertrochanter

Lateral 53.7 (28.9) 50.8 (22.2) 112.4 (29.6)* 122.6 (32.7) 85.5 (38) 114.8 (39.4)
Med % change 6.4 68.6 -1.3 -13.1

Posterior 71.8 (45.1) 151.8 (22) 76.4 (38.6) 152.9 (16.5) 155.2 (12.6) 142.6 (33.5)
Med % change 2.4 -7.4 2.6 -7

Medial 69.4 (22.4) 111.4 (39.9)** 55.8 (20.6) 78.4 (39.9) 115.5 (30)* 131.6 (23.2)**
Med % change 39.5 -8.1 14.6 36

Anterior 123.6 (25.4) 140.7 (19.3) 108.9 (54.2) 160.4 (10.2) 154.4 (18) 152.4 (18.5)
Med % change 2.1 8.8 -0.4 -6.2

continued on next page

Tensile Orientation Alpha (◦) Compressive Orientation Alpha (◦)

Load 1:
All muscle

+ JRF

Load 2:
Some muscle

+ JRF

Load 3:
JRF only

Load 1:
All muscle

+ JRF

Load 2:
Some muscle

+ JRF

Load 3:
JRF only

Subtrochanter
Lateral 57.6 (42.4) 48.9 (19.5) 155.8 (10.9)*** 113.3 (43.1) 97.4 (23.7) 64.6 (62.5)

Med % change -33 182.7 -17.5 -10.1
Posterior 155.9 (9.6) 155.7 (13.4) 111.1 (49.1) 151.1 (21.7) 137.3 (39.1) 52 (50.7)

Med % change -2.3 -12.4 -5.7 -27.2
Medial 90.3 (20.5) 98.9 (16.5) 92.7 (33.4) 91.7 (32.2) 91.5 (29.5) 86.1 (63.7)

Med % change 5.8 -7.3 -1.1 11.5
Anterior 112.1 (46.2) 149.6 (21.9) 90.8 (46.5) 156.4 (11.7) 156 (12.1) 156.1 (18)

Med % change 2.3 -5.4 -1.6 -1.9
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Table S5: Median (median absolute deviation) of tensile and compressive beta orientation for 3 loading conditions in
four quadrants of the proximal neck, middle neck, distal neck, pertrochanter, and subtrochanter. *p<0.05, **p<0.01, ***
p<0.001

Tensile Orientation Beta (◦) Compressive Orientation Beta (◦)

Load 1:
All muscle

+ JRF

Load 2:
Some muscle

+ JRF

Load 3:
JRF only

Load 1:
All muscle

+ JRF

Load 2:
Some muscle

+ JRF

Load 3:
JRF only

Proximal Neck
Superior 36.7 (9.2) 43.1 (18.7) 34.1 (19) 65.1 (18.4) 67.3 (10) 106.3 (8)***

Med % change 0.8 -26.2 -1 55.3
Posterior 148.6 (22.1) 168.7 (10.5) 164.9 (5.4) 58.7 (9) 64.5 (9.4) 84.9 (6.3)***

Med % change 8.2 8.5 0.6 37.1
Inferior 145 (24.5) 149.4 (27.7) 160.4 (4.7)* 60.7 (14.4) 57.6 (10.4) 64.7 (11.9)

Med % change 4.9 14.1 -6.8 0.6
Anterior 144.9 (14.2) 152.2 (20.5) 160.7 (5.6)* 64.1 (7.5) 73.3 (12.5) 80 (7.2)*

Med % change 5.1 8.8 5.4 16.4
Middle Neck

Superior 36.5 (8.7) 39.8 (11.3) 26.7 (6.1) 54.1 (43.2) 47.8 (26) 116.1 (9.3)**
Med % change -4.7 -27.1 21.6 117.3

Posterior 119.9 (57.2) 100.1 (60.3) 27.8 (20.7) 70.5 (11.8) 67.7 (4.8) 99.5 (3.4)***
Med % change -20 -77.4 0.7 42.1

Inferior 152.3 (10) 144.5 (28.6) 153.7 (6.1) 66.2 (10.1) 71.1 (7.1) 65.7 (8.1)
Med % change -0.7 1 2 1.1

Anterior 25.6 (16.6) 23 (6.6) 166.5 (9.9)** 80.6 (13.7) 93.3 (13.9) 81.1 (5)
Med % change 16.6 93.5 17.3 -0.2

Distal Neck
Superior 54.6 (24.8) 60.7 (23.2) 34 (9.2) 146.3 (12.5) 141.3 (7.4) 118.7 (8.5)

Med % change 3.5 -31.4 -5.8 -18.7
Posterior 56.3 (42.7) 44.9 (28) 32.1 (11.6) 61.1 (35.6) 83.6 (37.4) 116.7 (7.5)**

Med % change -21.7 -32.2 -3.3 90.9
Inferior 140.8 (27.5) 136.6 (37.4) 157.5 (14.8) 80.7 (8.8) 78.3 (7.2) 73.9 (5.4)***

Med % change -2.6 8.4 -5.6 -7.6
Anterior 30.3 (7.5) 36.8 (3.8) 47.9 (17.6)* 120.1 (10.3) 126.6 (10.1) 118.5 (18.8)

Med % change 30 50.6 2.5 -2.6
Pertrochanter

Lateral 100.3 (8.8) 101 (14.6) 81.3 (12.1) 30.2 (20.2) 49.3 (29.2) 134.8 (34.8)
Med % change -4.4 -14.9 11.3 29.5

Posterior 100.2 (41) 123.3 (14.6) 41.2 (20.6)*** 79.9 (44.8) 94.5 (52.3) 127.5 (20.7)*
Med % change 6.3 -55.2 -0.8 58.4

Medial 33.1 (28) 104.3 (67.2) 162.7 (13.6) 89.3 (6.1) 81.9 (5.1)* 82.8 (5)**
Med % change 3.2 47.2 -8.2 -7.3

Anterior 67.5 (14.5) 54.3 (8.6) 56 (11.8) 131.5 (10.4) 136.5 (7.6) 153.2 (9.4)
Med % change -2.1 -5.4 0.9 6.5

continued on next page

Tensile Orientation Beta (◦) Compressive Orientation Beta (◦)

Load 1:
All muscle

+ JRF

Load 2:
Some muscle

+ JRF

Load 3:
JRF only

Load 1:
All muscle

+ JRF

Load 2:
Some muscle

+ JRF

Load 3:
JRF only

Proximal Neck
Subtrochanter

Lateral 98.8 (6) 100.5 (4.2) 99.9 (2.2) 21.9 (12.1) 54.6 (37) 12 (3.4)
Med % change 2.4 0.3 49.1 -36.9

Posterior 121.1 (12.8) 131.9 (6.8) 139.7 (27.4) 53.7 (20.1) 54.1 (15.6) 78 (16.1)
Med % change 4.9 19.1 7.9 41.3

Medial 112.3 (54.4) 94.1 (58.7) 14 (11.9) 90.7 (5.2) 91 (7.4) 90.3 (5.7)
Med % change 4.3 -59.8 3.5 -0.1

Anterior 41 (17.1) 53 (14.2) 42 (35) 120.9 (9.8) 125.2 (11.7) 103.2 (12.8)
Med % change 13.7 2.5 4.2 -10.6
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