COMPUTER METHODS IN BIOMECHANICS AND BIOMEDICAL ENGINEERING, 2017
VOL.20NO. 11, 1167-1174
https://doi.org/10.1080/10255842.2017.1340461

Taylor & Francis
Taylor & Francis Group

'.) Check for updates

The influence of limb alignment and transfemoral amputation technique on

muscle capacity during gait

Ellyn C. Ranz?, Jason M. Wilken®<, Donald A. Gajewski® and Richard R. Neptune?

aDepartment of Mechanical Engineering, The University of Texas at Austin, Austin, TX, USA; *Center for the Intrepid, Brooke Army Medical Center,
JBSA Fort Sam Houston, TX, USA; <Extremity Trauma and Amputation Center of Excellence, JBSA Fort Sam Houston, TX, USA

ABSTRACT

Many factors influence successful outcomes following transfemoral amputation. One factor is
surgical technique. In this study, the influence of limb alignment and surgical technique on a
muscle’s capacity to generate force was examined using musculoskeletal modeling. Non-amputee
and transfemoral amputee models were analyzed while hip adduction, femur length, and reattached
muscle wrap position, tension and stabilization technique were systematically varied. With muscle
tension preserved, wrap position and femur length had little influence on muscle capacity. However,
limb alignment, muscle tension and stabilization technique notably influenced muscle capacity.
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Overall, myodesis stabilization provided greater muscle balance and function than myoplasty

stabilization.

Introduction

Recent estimates indicate there are over 1.7 million people
living with amputation in the United States, with approxi-
mately 54% due to dysvascular disease, 45% due to trauma
and less than 2% due to cancer (Ziegler-Graham et al.
2008). The prevalence of amputation is increasing and it
is projected to reach 3.6 million people by 2050 (Ziegler-
Graham et al. 2008). In addition to individuals in the gen-
eral population, recent conflicts have resulted in a cohort
of young active individuals with traumatic amputation
(Krueger et al. 2012). For these individuals, restoring a
high-level of mobility and functionality post-amputation
is a primary goal when determining the optimal surgical
technique and rehabilitation strategy. Previous work has
examined the influence of residual limb length on gait
performance in transfemoral amputees and found that
amputees with longer residual limbs exhibit less excursion
in their torso (Bell et al. 2013) and pelvis (Baum et al.
2008; Goujon-Pillet et al. 2008; Bell et al. 2013) and walk
at faster self-selected speeds (Bell et al. 2013), but do not
have lower energy expenditure (Bell et al. 2014). However,
little research has been done to examine the influence of
specific transfemoral amputation surgical techniques on
the capacity of individual muscles to generate force and
moments about the hip to maintain proper muscle balance
and limb alignment during gait.

Important aspects of the surgical technique include the
femur length, which muscles are reattached to the residual
limb, the wrap position of the reattached muscles, and the
tension and stabilization method used in the reattach-
ment. These factors are critical in maintaining a muscle-
balanced and aligned residual limb during gait (e.g.
Gottschalk 2004). In transfemoral amputations, essential
muscles to reattach include the adductor magnus to main-
tain hip adductor-abductor balance, the rectus femoris to
maintain hip flexor-extensor balance and the hamstrings
to provide hip flexor-extensor and adductor-abductor
balance (e.g. Gottschalk 2004; Tintle et al. 2010). Often
smaller muscles (e.g. gracilis and sartorius) are left unat-
tached to minimize suturing and surgery time.

Traditional muscle stabilization using myoplasty
involves suturing agonist and antagonist muscles together
over the residual end of the femur. However, this primar-
ily provides distal end coverage and does not preserve
muscle tension (Gottschalk 2004). For this reason, some
have recommended the use of myodesis stabilization for
the adductor magnus (e.g. Gottschalk 2004; Tintle et al.
2010) and medial hamstrings (e.g. Tintle et al. 2010), in
which muscles are reattached directly to the femur under
tension. Myodesis is a longer surgical procedure than the
more traditional myoplasty, and thus evidence demon-
strating that this technique improves the capacity of
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individual muscles to generate force and moments about
the hip is needed to justify the increased cost and risk
associated with the increased surgery time.

The influence of specific surgical techniques (e.g. reat-
tachment tension) on muscle capacity has not been sys-
tematically examined in vivo due to the highly invasive
nature of the procedure. However, musculoskeletal mode-
ling is a powerful non-invasive framework through which
to explore different surgical techniques, and it has been
used previously to investigate the influence of surgical
interventions such as tendon transfer (e.g. Delp et al. 1994;
Magermans et al. 2004), joint replacement (Piazza and
Delp 2001) and paraspinal muscle resection (Bresnahan
et al. 2010). In addition, musculoskeletal modeling and
simulation has been used to provide insight into key clin-
ical questions such as the individual muscle contributions
to walking mechanics (e.g. Anderson and Pandy 2003;
Neptune et al. 2004; Liu et al. 2006; McGowan et al. 2009),
the influence of walking speed on muscle function (e.g.
Arnold et al. 2007; Liu et al. 2008; Neptune et al. 2008),
and the influence of assistive device design, such as pros-
thetic foot stiffness (Fey et al. 2012) and wheelchair seat
position (Slowik and Neptune 2013), on metabolic cost.
Thus, musculoskeletal modeling is an ideal framework
to identify the optimal surgical techniques to maintain a
muscle-balanced and aligned residual limb prior to clin-
ical trials.

Therefore, the overall goal of this study was to system-
atically investigate the influence of residual limb align-
ment and transfemoral amputation technique (i.e. wrap
position, femur length, muscle tension and stabilization)
on the capacity of individual muscles to generate force and
moments about the hip to maintain proper muscle balance
during gait using advanced musculoskeletal modeling
techniques. An improved understanding of how surgical
technique affects muscle capacity can be used to guide
the selection of specific techniques when considering fac-
tors such as surgical cost and risk. Further, those muscle
groups found to be critical for maintaining muscle balance
can be identified and targeted in therapies to ensure opti-
mal functionality and improve rehabilitation outcomes.

Methods

To investigate the influence of limb alignment and surgical
technique on muscle capacity, we systematically varied hip
adduction angle, femur length, wrap position, muscle ten-
sion, and stabilization technique using a musculoskeletal
modeling framework. Hip adduction angle was varied from
—20° to 10° relative to healthy gait kinematics, femur resec-
tion was varied from 10 to 14 cm, wrap position was varied
from a medial insertion to an anterior insertion, muscle
tension was varied relative to that of an intact muscle

(80-100% of intact neutral tension) and stabilization tech-
niques of myoplasty versus myodesis were compared.

Non-amputee model

A non-amputee subject was modeled using a well-estab-
lished lower extremity musculoskeletal model in OpenSim
3.1 (Delp et al. 2007). The model had 23 degrees of free-
dom and 92 musculotendon actuators representing 76
major muscles in the lower extremities and torso. The
musculotendon model used was based on the work of
Thelen (2003). Musculotendon parameters were derived
from Delp et al. (1990), and optimal fiber lengths and pen-
nation angles were taken from Wickiewicz et al. (1983)
and Friederich and Brand (1990). Twelve body segments
were used to represent the torso, pelvis, and bilateral femur,
tibia, calcaneus, talus and toes. The inertial properties of
the body segments were derived from Anderson and Pandy
(1999), and joint definitions were derived from Delp et al.
(1990). Experimentally-collected three-dimensional kine-
matics and kinetics of a healthy control subject performing
overground walking at a controlled speed based on leg
length were used to perform inverse kinematics (Wilken
et al. 2012). A residual reduction algorithm (RRA) was
used to ensure dynamic consistency of the experimental
kinematics and ground reaction forces, and computed
muscle control (CMC) was performed to generate a set
of muscle activations that, when the experimental ground
reaction forces were applied, reproduced the experimental
kinematics (Thelen and Anderson 2006).

Amputee model

The musculoskeletal model was then modified to repre-
sent a transfemoral amputee. The lower-leg body segments
(tibia, talus and foot) were removed from the residual
limb, along with ankle and uniarticular knee muscles. A
prosthesis was not modeled as the following analyses did
not necessitate its inclusion.

To investigate the influence of specific surgical tech-
niques, muscles that are normally considered for reat-
tachment during transfemoral amputation (i.e. adductor
magnus, rectus femoris, biceps femoris long head, sem-
imembranosus, semitendinosus, gracilis, sartorius and
tensor fasciae latae) had their muscle geometry and
properties systematically altered to represent the different
surgical techniques. Muscle geometry was modified by
adjusting the attachment points to the femur and adding
cylindrical wrapping surfaces to emulate muscle wrapping
over the residual end of the bone. Muscle parameters, spe-
cifically the tendon slack length (TSL), were modified to
alter the muscle tension relative to that normally found in
an intact muscle with the limb in a neutral position. This
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approach was used to replicate efforts to restore tension
prior to reattachment. The resting length of the musculo-
tendon unit is the sum of the optimal fiber length and TSL.
Decreasing TSL in the model is analogous to leaving a
shorter muscle segment. Therefore, when the musculoten-
don unit is stretched to maintain its total length, muscle
tension is increased. Conversely, increasing the TSL acts to
lengthen the musculotendon unit, thus decreasing muscle
tension. By altering TSL in the model, specific percentages
of intact neutral tension can be preserved in a zero acti-
vation state (i.e. emulating the state of the relaxed muscle
during surgery). In a myoplasty stabilization, muscle ten-
sion is not preserved, and thus stabilization by myoplasty
was modeled by maintaining the intact TSL, and not the
neutral muscle tension. In a myodesis stabilization, muscle
tension is preserved as the muscle is anchored directly to
bone, and thus stabilization by myodesis was modeled by
preserving 100% of the intact neutral tension in a zero
activation state.

A series of amputee models (Table 1) were generated
to examine the influence of hip adduction, femur length,
muscle wrap position, muscle tension and stabilization
technique on the capacity of individual muscles to gen-
erate force and moments about the hip. Specifically, we
quantified differences in hip adduction moment arm and
contribution to the frontal plane hip moment. Analyses
were performed using healthy gait kinematics and three
different states of muscle activation for all muscles: zero
activation, normal activation as determined by CMC, and
full activation.

The influence of hip adduction position on muscle
capacity was investigated by shifting the healthy gait

Table 1. Hip alignment and transfemoral amputation surgical
parameters analyzed in this study.

Values

20° abduction
10° abduction

0° neutral

10° adduction
Non-amputee
10cm

12cm

14 cm

Medial insertion
Lateral insertion
Anterior-lateral insertion
Anterior insertion

Parameter

Hip alignment

Femur resection

Wrap position (adductor magnus)

Reattachment tension 80% NTC
90% NTC
100% NTC
Muscle stabilization (adductor magnus and Non-amputee
semimembranosus) Myodesis
Myoplasty

Notes: For each parameter, the corresponding values compared in this study
are provided. Reattachment tension values are provided as the percent of
neutral tension conserved (NTC).

kinematics by —20°, —10°, 0° and 10° of hip adduction. The
resulting muscle capacity was then assessed at mid-stance.

The influence of femur length was investigated by com-
paring the muscle capacity in amputee models with 10,
12 and 14 cm of femur resected at the points of initial
contact, mid-stance and mid-swing. The resection lengths
investigated represent the largest range in which myodesis
stabilization could be performed. Muscle reattachments,
relative reattachment locations and stabilization tech-
niques were modeled consistently across femur lengths.

The influence of the adductor magnus wrap position
on muscle capacity was examined by comparing four
different amputee models (12 cm femur resection) with
varying wrap positions. The muscle wrap positions mod-
eled were a medial, non-wrapped insertion (Figure 1(a)), a
lateral insertion (Figure 1(b)), an anterior-lateral insertion
(Figure 1(c)) and an anterior insertion (Figure 1(d)). The
resulting muscle capacity was assessed at initial contact,
mid-stance and mid-swing.

To investigate the influence of muscle tension, a com-
parison of muscle capacity at initial contact, mid-stance
and mid-swing was performed on amputee models (12 cm
femur resection) with 80, 90 and 100% of the intact neutral
tension preserved.

A comparison of muscle stabilization technique (i.e.
myodesis vs. myoplasty) was performed by computing
the net hip joint frontal plane moment in the amputee
models (12 cm femur resection) with either myodesis or
myoplasty of the adductor magnus and semimembrano-
sus. Joint moments of the non-amputee model, the myo-
plasty stabilization model, and the myodesis stabilization
model were compared at initial contact, mid-stance and
mid-swing.

Results

The total frontal plane hip moment and gluteus medius
contribution to the hip moment during mid-stance
changed with variations in hip adduction angle (Figure 2).
In all muscle activation states (zero, normal and full), the
net frontal plane hip abduction moment was smallest (or
even became an adduction moment) when the femur was
most abducted (i.e. —20° shift). Gluteus medius contribu-
tion to the hip abduction moment during mid-stance was
affected by femur adduction angle. Under normal and full
muscle activation, the gluteus medius contribution to the
hip abduction moment was largest in the neutral position
(i.e. 0° shift).

The frontal plane hip moment contributions from
different muscles varied across femur lengths (Figure 3).
Muscles that were candidates for reattachment and
modeled with myodesis stabilization (adductor magnus
and semimembranosus) remained similar across femur
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Figure 1. Adductor magnus wrap position. Wrap positions modeled in this study were: (a) medial insertion, (b) lateral insertion, (c)

anterior-lateral insertion, and (d) anterior insertion.
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Figure 2. Net frontal plane hip moment (positive is adduction,
negative is abduction) and gluteus medius (Gmed) contribution to
the frontal plane hip moment (Nm) at mid-stance for zero, normal
and full activation. Results are shown for kinematics containing a

—20° —10°,0° and +10° shift from normal hip adduction.
Note: The scale is different for the zero activation state.

resections. At both 12 and 14 cm resections, biceps fem-
oris long head no longer contributed to the frontal plane
hip moment for all activation levels. At 10 and 12 cm
resections, tensor fasciae latae contributed less than 10%
of its intact moment for zero activation, and at a 14 cm
resection it contributed less than 10% of its intact moment
for all activation levels.

Adductor magnus wrap position did not meaningfully
alter the hip adduction moment arm at any of the three
points in the gait cycle examined (Figure 4). The largest

difference in moment arm was observed during mid-
stance where the anterior insertion produces a moment
arm that is 3.3 mm greater than that of the lateral insertion
(8.9% difference).

Muscle tension significantly influenced muscle capac-
ity. Higher percentages of preserved tension resulted in
larger fiber forces, thus resulting in a larger contribution
(positive or negative) to the net frontal plane hip moment
(Figure 5). For all activation levels, the net hip adduction
moment in the amputee model was larger with myodesis
stabilization (Figure 6).

Discussion

The goal of this study was to examine the influence of
limb alignment and transfemoral amputation technique
on the capacity of individual muscles to generate force
and moments about the hip. A greater capacity to gen-
erate forces and moments indicates an improved ability
to maintain proper muscle balance during gait. Through
understanding which surgical techniques are critical to
maintaining muscle capacity, and conversely those that
have minimal effect, surgeons can streamline amputation
procedures to maximize muscle capacity, minimize sur-
gical cost and risk and improve rehabilitation outcomes.
The changes in muscle capacity associated with changes
in hip alignment (Figure 2) highlight the importance of
maintaining proper residual limb alignment during gait.
Ifalimb is not well aligned and tends to abduct, there can
be an increase in gait asymmetries resulting in inefficient
gait patterns (e.g. Gottschalk 1999). Thus, it is critical that
surgical techniques (e.g. wrap position, tension preserved
and femur length) maintain the dynamic balance of the
residual limb to allow efficient and functional gait.
Residual limb length is often determined by the
nature of the injury or condition requiring amputation.
However, if there is flexibility, the surgeon must decide
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Figure 3. Frontal plane hip moment (Nm) contributions at mid-stance across activation level and length of femur resection. Positive
frontal plane hip moment indicates adduction, negative indicates abduction. Hip moments are presented for large positive and
negative contributors to the net hip moment, as well as for the reattachment candidates in the amputation procedure: adductor longus
(AL), proximal adductor magnus (AMp), biceps femoris long head (BFlg), distal adductor magnus (AMd), semimembranosus (SM),
semitendinosus (ST), gracilis (GR), sartorius (SAR), rectus femoris (RF), tensor fasciae latae (TF), gluteus minimus (Gmin) and gluteus
medius (Gmed). Moments are presented for a non-amputee model (Intact) as well as 10, 12 and 14 cm resections across three levels of

muscle activation (zero, normal and full activation).
Note: The scale differs for the zero activation state.
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Figure 4. The influence of wrap position on adductor magnus
(AM) hip adduction moment arm (m). Moment arms are shown
at three different points in the gait cycle (initial contact (IC), mid-
stance (MST), and mid-swing (MSW)), for four different wrap
configurations: medial insertion, lateral insertion, anterior-lateral
insertion and anterior insertion.

the femur resection length. Previously, length preserva-
tion has been advocated (e.g. Gottschalk 1999) as being
important for positive functional outcomes, and studies
have shown that residual femur length does influence
self-selected walking speeds (Bell et al. 2013) and gait

kinematics (Baum et al. 2008; Goujon-Pillet et al. 2008;
Bell et al. 2013). The results of the present study indicate
that a shorter residual limb may decrease frontal plane
hip moment contribution of reattached muscles. However,
this effect was not observed in muscles with myodesis
stabilization, thus suggesting that muscle capacity can be
preserved in shorter residual limbs by preserving neutral
tension during reattachment. However, preserving ten-
sion in shorter residual limbs can be challenging when
the tendinous portion of the adductor magnus is missing,
which makes it difficult to sufficiently stretch and attach
the muscle. Thus, the present study only analyzed residual
limb lengths that could utilize adductor tendon attach-
ments and did not investigate shorter residual limbs which
may have important implications for other factors such
as socket fit.

Changes in adductor magnus wrap position resulted in
only minor changes in hip adduction moment arm (Figure
3), indicating that this is not a critical surgical parameter.
Some authors (e.g. Gottschalk 2004; Tintle et al. 2010)
suggest a lateral attachment of the adductor myodesis,
although this is likely due to the anatomical position of the
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Figure 5. The influence of muscle reattachment tension on muscle contribution to the frontal plane hip moment. Hip moments (Nm) are
shown at three different points in the gait cycle: initial contact (IC), mid-stance (MST), and mid-swing (MSW) for reattachment candidates
at three different percentages of intact neutral tension preserved (80, 90, and 100%) and across three levels of muscle activation (zero,
normal and full activation). Positive frontal plane hip moment indicates adduction, negative indicates abduction. Reattachment
candidates are semimembranosus (SM), distal adductor magnus (AM), biceps femoris long head (BFlg), semitendinosus (ST), gracilis

(GR), sartorius (SAR), tensor fasciae latae (TF) and rectus femoris (RF).

Note: The scale differs for the zero activation state.

adductor magnus with respect to the femur, which facil-
itates this particular wrap position. However, the present
study suggests that wrap position should be selected that
is most appropriate based on the available tissue (e.g. the
wrap position that ensures preservation of muscle ten-
sion and a stable fixation). Thus, as muscle capacity in a
medial attachment does not largely differ from a lateral
attachment when tension is preserved, surgeons may have
the option of leaving a longer residual limb, as a lateral
attachment may require additional resection, which has
important implications for socket fit and within-socket
limb stabilization.

Although this study revealed that wrap position is not
critical, muscle reattachment tension was found to greatly
influence the muscle’s capacity to generate force. Increased
initial tension results in greater muscle fiber forces and
thus larger frontal plane hip moment generating capacity.
Previous studies have recommended the use of myodesis
stabilization for the adductor magnus and medial ham-
strings (e.g. Tintle et al. 2010), which is consistent with the
present study that highlights the importance of maintaining
muscle tension. Reattaching muscles under tension allows
for greater capacity to generate forces and moments, and

thus could potentially provide greater limb functionality
post-surgery.

Finally, we examined the difference in muscle bal-
ance between a non-amputee model, an amputee model
in which the adductor magnus and semimembranosus
were reattached using a myoplasty stabilization, and an
amputee model in which they were reattached using a
myodesis stabilization. The net hip adduction moments
observed in these models indicate that myodesis stabili-
zation may result in a larger hip adduction moment than
myoplasty stabilization, and thus may produce a more
favorable muscle balance. These findings, along with the
reattachment tension sensitivity results support the use of
myodesis stabilization on both the adductor magnus and
medial hamstrings (e.g. Tintle et al. 2010).

One potential limitation of this study is that kinematics
of only one subject were represented. However, we
performed similar analyses using additional kinematic
data, including from younger and older subjects, which
yielded similar findings. This highlights the robustness of
these results to inter-subject differences in gait patterns.
In addition, the subject kinematics were from a non-
amputee subject, although differences between amputee
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Figure 6. The net frontal plane hip moment (Nm) at initial
contact (IC), mid-stance (MST) and mid-swing (MSW) of a non-
amputee model (Intact), an amputee model with myoplasty
stabilization, and an amputee model with myodesis stabilization
of the adductor magnus and semimembranosus. Moments were
compared across three levels of muscle activation (zero, normal
and full activation). Positive frontal plane moment indicates hip

adduction, negative indicates hip abduction.
Note: The scales differ across the three rows of figures.

and able-bodied gait have previously been shown (e.g.
Jaegers et al. 1995), and more recently, the differences
between transfemoral amputee and non-amputee mus-
cle activity during walking have been observed (Wentink
et al. 2013). However, while kinematic differences are
often present in amputee gait, performing this study
using healthy kinematics allowed for a direct compari-
son between non-amputee and amputee models. Future
analyses should include forward dynamic simulations of
amputee models tracking transfemoral amputee data to
further assess the efficacy of different surgical techniques
on dynamic muscle capacity and function.

Another potential limitation of this study is that it does
not account for changes that may occur in the residual
limb post-surgery. However, reattached and functioning
muscles may be less susceptible to atrophy and remode-
ling, and could potentially play a positive role in stabiliz-
ing the limb within the socket. In addition, this study did
not consider other post-surgery factors such as muscle
pull out strength or tissue healing. While changes may
occur in the residual limb over time, the current findings

highlight the surgical techniques critical to maintaining
muscle capacity post-surgery, as well as potential targets
for rehabilitation therapies.

Conclusion

In summary, muscle wrap orientation had little effect on
muscle capacity. Similarly, if muscle tension is preserved,
femur length had little effect. In contrast, limb alignment
was found to influence the ability of muscles to generate
forces and moments about the hip joint. Muscle reat-
tachment tension had the greatest influence on muscle
capacity, with increases in tension resulting in higher fiber
forces and contributions to the hip adduction moment.
Thus, myodesis stabilization, which allows for greater
muscle tension, may provide superior hip muscle balance
and function compared to myoplasty stabilization or when
leaving muscles unattached.

Acknowledgments

The views expressed herein are those of the authors and do not
reflect the official policy or position of Brooke Army Medical
Center, the U.S. Army Medical Department, the U.S. Army
Office of the Surgeon General, the Department of the Army,
Department of Defense or the U.S. Government.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported in part by a research grant from the
Center for Rehabilitation Sciences Research (CRSR), Depart-
ment of Physical Medicine and Rehabilitation, Uniformed Ser-
vices University of Health Sciences, Bethesda, MD.

References

Anderson FC, Pandy MG. 1999. A dynamic optimization
solution for vertical jumping in three dimensions. Comput
Methods Biomech Biomed Eng. 2:201-231.

Anderson FC, Pandy MG. 2003. Individual muscle
contributions to support in normal walking. Gait Posture. 17:
159-169.

Arnold AS, Schwartz MH, Thelen DG, Delp SL. 2007.
Contributions of muscles to terminal-swing knee motions
vary with walking speed. ] Biomech. 40:3660-3671.

Baum BS, Schnall BL, Tis JE, Lipton JS. 2008. Correlation
of residual limb length and gait parameters in amputees.
Injury. 39:728-733.

Bell JC, Wolf EJ, Schnall BL, Tis JE, Tis LL, Potter BK. 2013.
Transfemoral amputations: the effect of residual limb length
and orientation on gait analysis outcome measures. ] Bone
Joint Surg Am. 95:408-414.



1174 (&) E.C.RANZETAL.

Bell JC, Wolf EJ, Schnall BL, Tis JE, Potter BK. 2014.
Transfemoral amputations: is there an effect of residual limb
length and orientation on energy expenditure? Clin Orthop
Relat Res. 472:3055-3061.

Bresnahan L, Fessler RG, Natarajan RN. 2010. Evaluation of
change in muscle activity as a result of posterior lumbar
spine surgery using a dynamic modeling system. Spine. 35:
E761-E767.

Delp SL, Loan JP, Hoy MG, Zajac FE, Topp EL, Rosen JM.
1990. An interactive graphics-based model of the lower
extremity to study orthopaedic surgical procedures. IEEE
Trans Biomed Eng. 37:757-767.

Delp SL, Ringwelski DA, Carroll NC. 1994. Transfer of the
rectus femoris: effects of transfer site on moment arms about
the knee and hip. ] Biomech. 27:1201-1211.

Delp SL, Anderson FC, Arnold AS, Loan P, Habib A, John CT,
Guendelman E, Thelen DG. 2007. OpenSim: open-source
software to create and analyze dynamic simulations of
movement. IEEE Trans Biomed Eng. 54:1940-1950.

Fey NP, Klute GK, Neptune RR. 2012. Optimization of
prosthetic foot stiffness to reduce metabolic cost and
intact knee loading during below-knee amputee walking: a
theoretical study. ] Biomech Eng. 134:111005.

Friederich JA, Brand RA. 1990. Muscle fiber architecture in the
human lower limb. J Biomech. 23:91-95.

Gottschalk E 1999. Transfemoral Amputation. Clin Orthop
Relat Res. 361: 15-22.

Gottschalk E 2004. Transfemoral amputation: surgical
management. In: Smith DG, Michael JW, Bowker JH,
editors. Atlas of amputation and limb deficiencies: surgical,
prosthetic and rehabilitation principles. Rosemont (IL):
American Academy of Orthopedic Surgeons; p. 533-540.

Goujon-Pillet H, Sapin E, Fodé P, Lavaste E 2008. Three-
dimensional motions of trunk and pelvis during transfemoral
amputee gait. Arch Phys Med Rehabil. 89:87-94.

Jaegers SM, Arendzen JH, de Jongh HJ. 1995. Prosthetic gait of
unilateral transfemoral amputees: a kinematic study. Arch
Phys Med Rehab. 76:736-743.

Krueger CA, Wenke JC, Ficke JR. 2012. Ten years at war. J
Trauma Acute Care Surg. 73:5438-5444.

Liu MQ, Anderson FC, Pandy MG, Delp SL. 2006. Muscles that
support the body also modulate forward progression during
walking. ] Biomech. 39:2623-2630.

Liu MQ, Anderson FC, Schwartz MH, Delp SL. 2008. Muscle
contributions to support and progression over a range of
walking speeds. ] Biomech. 41:3243-3252.

Magermans DJ, Chadwick EK, Veeger HE, Rozing PM, van
der Helm FC. 2004. Effectiveness of tendon transfers for
massive rotator cuff tears: a simulation study. Clin Biomech.
19:116-122.

McGowan CP, Kram R, Neptune RR. 2009. Modulation of leg
muscle function in response to altered demand for body
support and forward propulsion during walking. ] Biomech.
42:850-856.

Neptune RR, Zajac FE, Kautz SA. 2004. Muscle force
redistributes segmental power for body progression during
walking. Gait Posture. 19:194-205.

Neptune RR, Sasaki K, Kautz SA. 2008. The effect of walking
speed on muscle function and mechanical energetics. Gait
Posture. 28:135-143.

Piazza SJ, Delp SL. 2001. Three-dimensional dynamic
simulation of total knee replacement motion during a step-
up task. ] Biomech Eng. 123:599-606.

Slowik ]S, Neptune RR. 2013. A theoretical analysis of the
influence of wheelchair seat position on upper extremity
demand. Clin Biomech. 28:378-385.

Thelen DG. 2003. Adjustment of muscle mechanics model
parameters to simulate dynamic contractions in older
adults. ] Biomech Eng. 125:70-77.

Thelen DG, Anderson FC. 2006. Using computed muscle
control to generate forward dynamic simulations of human
walking from experimental data. ] Biomech. 39:1107-1115.

Tintle SM, Forsberg JA, Keeling JJ, Shawen SB, Potter BK.
2010. Lower extremity combat-related amputations. J Surg
Orthop Adv. 19:35-43.

Wentink EC, Prinsen EC, Rietman JS, Veltink PH. 2013.
Comparison of muscle activity patterns of transfemoral
amputees and control subjects during walking. ] Neuroeng
Rehabil. 10:87.

Wickiewicz TL, Roy RR, Powell PL, Edgerton VR. 1983.
Muscle architecture of the human lower limb. Clin Orthop
Relat Res. 179: 275-283.

Wilken JM, Rodriguez KM, Brawner M, Darter B]. 2012.
Reliability and minimal detectible change values for gait
kinematics and kinetics in healthy adults. Gait Posture.
35:301-307.

Ziegler-Graham K, MacKenzie EJ, Ephraim PL, Travison TG,
Brookmeyer R. 2008. Estimating the prevalence of limb loss
in the United States: 2005 to 2050. Arch Phys Med Rehabil.
89:422-429.



	Abstract
	Introduction
	Methods
	Non-amputee model
	Amputee model

	Results
	Discussion
	Conclusion
	Acknowledgments
	Disclosure statement
	Funding
	References



