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Studies of human locomotion: past, present and future
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Abstract

The study of human locomotion and its applications are examined from a historical viewpoint. Several critical steps in the
advancement of the discipline are considered in the context of addressing a particular need to answer fundamental questions
regarding the process of human locomotion. In addition, changes in the methods of observation are discussed in terms of the
advancement of the "eld. As an example, the application of a newly developed point cluster technique to reduce the artifact due to skin
movement is described. The method was applied to a study of patients with anterior cruciate ligament (ACL) de"cient knees. The
results demonstrate that patients with ACL-de"cient knees have signi"cantly greater than normal anterior}posterior displacement of
the femur relative to the tibia during walking. Many of the advancements in the tools for observation and interpretation have been
driven by new demands on our fundamental knowledge. Future advancements in the study of human locomotion will likely be
motivated by new treatment modalities that require an in depth understanding of the subtle complexities of human locomotion.
Future directions are discussed in the context of new methods for reducing errors associated with skin movement combined with
information obtained from other imaging methods, such as magnetic resonance imaging. ( 2000 Elsevier Science Ltd. All rights
reserved.

Keywords: In vivo skeletal movement; Human locomotion; History of biomechanics

1. Introduction

As the study of human locomotion and its applications
advance, it is useful to examine key historical develop-
ments and the in#uence of these developments on the
growth of the "eld. An analysis of these events helps to
predict the direction the "eld will evolve. Advancement in
this "eld has typically been driven by a need to answer
fundamental questions coupled with the technology ca-
pable of addressing the questions.

The reasons for studying human locomotion have
changed over the centuries. The cave drawings in the
Paleolithic Era depicting men and animals in motion
were likely partially motivated by survival questions,
based on the ability to e$ciently move from place to
place, escape from predators, and hunt for food. Even
the Greek philosophers (500}300 BC) analyzed and
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described human movement (Lorini et al., 1992). Their
observation of human movement was driven by a need to
place harmony to the universe. Interestingly, the Greek
philosophers believed that the senses deceive and there-
fore no experimental method can lead to truth; truth
could only be reached by logical thought.

The philosophy of the Greeks provides some relevant
questions for modern-day studies of human locomotion.
Do our senses deceive us and limit our ability to observe
and analyze human movement? Do the methods or pro-
tocols for measuring human locomotion contaminate the
natural characteristics? These are valid concerns and
should be kept in mind when interpreting measurements
from locomotion studies, especially when attempting to
generalize from a speci"c observation. Some early exam-
ples of the limitations of our senses are seen in the
depiction of horses in motion (Fig. 1), where the position
of the legs were incorrectly drawn (Dagg, 1977). Clearly,
the eye was not capable of capturing the sequence of
rapid limb movements of horses in motion (Muybridge,
1979). The expanded need for improved knowledge of
locomotion drove the introduction of new methods of
observation.
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Fig. 1. An artist depiction of the gait of a horse (7 BC) indicates an
incorrect pattern of limb movement (Dagg, 1977). The ipsilateral limbs
of the horse in the drawing are simultaneously in swing or weight
during phases. The eye of the artist could not sample at high enough
rates to visually observe the correct pattern of limb movements. As
illustrated in (B) from the photographic techniques developed by
Muybridge, the contralateral limbs of the horse are simultaneously in
swing or weight during phases.

As noted, many of the advancements are motivated
by new demands on our fundamental knowledge. The
ability to observe and interpret measurements of human
movement have been the primary factors limiting growth
of the "eld. The purpose of this paper is to examine
the direction of future developments in the study of
human locomotion. The factors that in#uenced several
major developments in the study of human locomotion
over the last several centuries will be considered.
In addition, future advancements in the study of
human locomotion will be discussed in the context of
new technology and ways that this new technology can
be applied to the evaluation of musculoskeletal disease
and injury.

2. Methods applied to the study of human locomotion

The advancement of the study of locomotion remains
dependent on the development of new tools for observa-
tion. Over the last several centuries, there have been
several fundamental advancements that have made
a substantial impact on our understanding of the process
of human locomotion.

The Weber brothers (1836) reported one of the "rst
quantitative studies of the temporal and distance para-
meters during human locomotion. Their work estab-
lished a model for subsequent quantitative studies of
human locomotion. The works of two contemporaries,
Marey (1977) and Muybridge (1979), were among the
"rst to quantify patterns of human movement using
photographic techniques. Muybridge used a series of
cameras to take multiple pictures in rapid succession of
both animals and humans in movement. Also during that
time period, Wilhelm Braune (an anatomist) and Otto
Fisher (a mathematician) reported measurements of body
segment movements to calculate joint forces and energy
expenditures using Newtonian mechanics (Braune and
Fischer, 1988). Interestingly, their work was motivated
by military applications related to improving the e$cien-
cy of troop movement.

During the 1950s there was a need for an improved
understanding of locomotion for the treatment of World
War II veterans. The classic work at the University of
California (Eberhart, 1947; Inman et al., 1981) provided
a tremendous resource of knowledge related to the mech-
anics of human movement. The work at the University of
California formed the basis for many of the fundamental
techniques currently used for the study of human loco-
motion. More recently, instrumentation and computer
technologies have provided new opportunities for the
advancement of the study of human locomotion. The
limitations with respect to automated motion capture as
well as measurement reduction no longer exist. This new
methodology has made it feasible to extend the applica-
tion of kinetic analysis to clinical problems.

Currently, one of the primary technical factors limiting
the advancement of the study of human movement is the
measurement of skeletal movement from markers placed
on the skin. The most frequently used method for measur-
ing human movement involves placing markers or "xtures
on the skin's surface of the segment being analyzed
(Benedetti and Cappozzo, 1994). The movement of the
markers is typically used to infer the underlying relative move-
ment between two adjacent segments (e.g. knee joint) with the
goal of precisely de"ning the movement of the joint. Skin
movement relative to the underlying bone is a primary
factor limiting the resolution of detailed joint movement
using skin-based systems (Cappozzo et al., 1997; Sati
et al., 1996; Reinschmidt et al., 1997; Holden et al., 1997).

Skeletal movement can be measured using alternative
approaches to a skin-based marker system. These
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Fig. 2. An illustration of the marker con"guration used for the point
cluster technique.

approaches include stereoradiography (Jonsson and
Karrholm, 1994), bone pins (LaFortune et al., 1992) ex-
ternal "xation devices (Holden et al., 1997) or single
plane #uoroscopic techniques (Banks and Hodge, 1996;
Stiehl et al., 1995). While these methods provide direct
measurement of skeletal movement, they are invasive or
expose the test subject to radiation. In addition, these
methods also impede natural patterns of movements and
care must be taken when attempting to extrapolate these
types of measurements to natural patterns of locomotion.

With skin-based marker systems, in most cases, only
large motions such as #exion}extension have acceptable
error limits. Cappozzo et al. (1996) have examined "ve
subjects with external "xator devices and compared the
estimates of bone location and orientation between coor-
dinate systems embedded in the bone and coordinate
systems determined from skin-based marker systems for
walking, cycling and #exion}extension activities. Com-
parisons of bone orientation from true bone embedded
markers versus clusters of three skin-based markers indi-
cate a worst-case root mean square artifact of 73.

The vast majority of current analysis techniques model
the limb segment as a rigid body, then apply various
estimation algorithms to obtain an optimal estimate of
the rigid body motion. One such rigid body model for-
mulation is given by Spoor and Veldpas (1988); they have
described a rigid body model technique using a minimum
mean square error approach that lessens the e!ect of
deformation between any two time steps. This assump-
tion limits the scope of application for this method, since
markers placed directly on skin will experience non-rigid
body movement. Lu and O'Connor expanded the rigid
body model approach; rather than seeking the optimal
rigid body transformation on each segment individually,
multiple, constrained rigid body transforms are sought,
modeling the hip, knee, and ankle as ball and socket
joints (Lu and O'Connor, 1999). The di$culty with this
approach is the model of the joints as a ball and socket;
all joint translations are treated as artifact, clearly a lim-
itation for knee motion. Lucchetti et al. (1998) take an
entirely di!erent approach, using artifact assessment
movements to determine the correlation between
#exion}extension angles and apparent skin marker arti-
fact trajectories. A limitation of this approach is the
assumption that the skin motion during the artifact as-
sessment movements is the same as during the dynamic
activities.

A recently described (Andriacchi et al., 1994, 1998)
point cluster technique (PCT) employs an overabun-
dance of markers (a cluster) placed on each segment to
minimize the e!ects of skin motion artifact (Fig. 2). The
basic PCT can be extended to minimize skin motion
artifact by optimal weighting of the markers according to
their degree of deformation. Another extension of the
basic PCT (Alexander and Andriacchi, 2000) corrects for
error induced by segment deformation associated with

skin marker movement relative to the underlying bone.
This is accomplished by extending the transformation
equations to the general deformation case, modeling the
deformation by an activity-dependent function, and
smoothing the deformation over a speci"ed interval to
the functional form. A limitation of the approach is its
computational complexity.

As instruments have been developed to enhance our
ability to observe human movement, models have been
used to develop information that cannot be directly ob-
served. Typically, models are an abstraction in the form
of a physical construction governed by principles of
physics and mathematics. Models of biomechanical sys-
tems provide the basis for the seeking of truth through
application of physical laws. Borelli (1608}1679)(1989)
was among the "rst to apply physical laws to the analysis
of the locomotion of animals. Borelli, in his classic work
De Motu Animalum (1680), recognized that complex biolo-
gical structures could be reduced to simpli"ed constructs
that facilitated the estimation of forces and patterns of
movement. Borelli's work has been fundamental to the
development of biomechanical models and the study of
human movement.

In modern times, models have played an important
role in generating information that cannot be directly
observed. In particular, the prediction of intersegmental
forces and moments has been extremely valuable in
improving our understanding of the musculoskeletal sys-
tem. Intersegmental forces and moments are approxi-
mated by modeling the body as a system or rigid links
and measuring the three-dimensional position of the limb
segments and external ground reaction force (Bresler and
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Frankel, 1953). The frequency characteristics and "lter-
ing considerations for these types of motion measure-
ments are described by Winter (Winter et al., 1974). In
general, these calculations have formed the basis for the
prediction of muscle forces and joint contact forces. The
information from these studies has been applied to
a number of fundamental and clinical studies. In general,
the same methodology has been used for both the hip
and knee joints. The early work from the group at Strath-
clyde (Paul, 1971; Morrison, 1970) used a reduction
method to solve the statically indeterminate problem
related to the redundant set of internal forces that can
balance external intersegmental moments.

3. Results of applying the study of locomotion to clinical
problems

The application of quantitative studies of human loco-
motion has contributed substantially to the improve-
ment in the treatment of injury and disease of the
musculoskeletal system. In particular, the treatment of
neuromuscular disorders has been improved by ana-
lyzing dynamic gait characteristics of patients prior to
treatment. Perry (1992) and Sutherland (1964) have been
pioneers in the clinical application of gait analysis tech-
niques to assist in the treatment of patients with cerebral
palsy. The work of Perry and Sutherland has provided
a basis for improving the outcome of surgical and non-
surgical treatment of cerebral palsy. Computerized mod-
els (Delp et al., 1990) of the musculoskeletal system have
also contributed substantially to understanding the bio-
mechanical e!ects of surgical treatment for cerebral
palsy. As these models become more fully integrated with
gait analysis, there will be new opportunities to improve
the outcome of treatment.

The application of gait analysis to the treatment of
patients with cerebral palsy has primarily involved the
application of kinematic and EMG measurements. There
have also been clinical applications of kinetic measure-
ments of human locomotion. In particular, kinetic
measurements, combined with musculoskeletal models,
have been used to predict changes in joint contact forces
and muscle "ring patterns and joint contact loads. It has
been shown (Prodromos et al., 1985; Schipplein and
Andriacchi, 1991; Berchuck et al., 1990) that patients
develop adaptive changes in gait patterns that can be
analyzed in terms of the changes in kinetic measures. The
identi"cation of function adaptation to musculoskeletal
disorders is an important consideration in the clinical
application of the study of human locomotion. The abil-
ity to identify these types of adaptations is dependent on
the methods used to acquire motion measurements. Care
must be taken when introducing any arti"cial stimulus
while measuring human movement. Insertion of bone
pins, the strapping of tight "xtures around limb segments

or constraints to normal movement patterns (such as
required for #uoroscopic or other radiographic imaging
measurements) can introduce artifacts into the observa-
tion of human movement. In some cases, these artifacts
can lead to incorrect interpretations. The quest to obtain
skeletal movement during human motion capture can
introduce artifacts into the normal pattern of human
movement. For example, even walking on a treadmill
can produce changes in the stride length}walking speed
relationships (Banks et al., 1999). As the Greek philos-
ophers suggested, our senses can be fooled. The potential
for measurement-induced artifact is particularly rel-
evant to studies where subtle gait changes associated
with a reprogramming of locomotor patterns might be
present.

Ideally, the measurement system/protocol should only
minimally encumber the subject. It is useful to examine
a speci"c example of an adaptive change in patterns of
locomotion observed in patients with anterior cruciate
de"cient knees. Several studies have determined that
patients with anterior cruciate ligament (ACL) de"ciency
adapt to their injury over time. Typically patients dy-
namically compensate for instability in the sagittal plane
by altering the balance between quadriceps and ham-
string activity (Fig. 3). The modi"cations in function
(Andriacchi et al., 1997; Branch et al., 1989; Tibone et al.,
1986), are presumably adaptations produced by a sub-
conscious protective mechanism to avoid the excessive
anterior displacement of the tibia that can occur in the
absence of the ACL (Andriacchi, 1990). However, it is not
likely that these adaptations are the result of a single
stimulus that occurs during each cycle of the activity. It is
more likely that these adaptations are the result of repeti-
tive experiences following the loss of the ACL. It is
possible that reprogramming of the locomotor process
occurs such that the adaptations occur before instability
and excessive anterior displacement results. This can be
accomplished by altering the pattern of muscle contrac-
tion as part of an adaptive locomotor program. The
adaptations anticipate the instability and, thus, avoid the
abnormal displacement. General locomotor reprogram-
ming could be part of a learning process that takes place
during the early stages following an ACL injury. It would
be necessary that the locomotor system be reprogram-
med in a manner that would anticipate instability prior
to the occurrence of the episode that would produce
instability, since the latency time for muscle contraction
would be too slow to instantaneously respond to a rapid
stimulus.

Does reprogramming of the locomotor system protect
the ACL-de"cient knee? While only long-term clinical
studies can directly answer this question, the proper
application of motion studies can provide some impor-
tant answers. Do the dynamic adaptations during gait
reduce the increased anterior displacement (measured
passively) of the tibia following ACL?
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Fig. 3. The #exion}extension moment pattern at the knee demon-
strates an adaptation in patients with ACL-de"cient knees to reduce the
net quadriceps moment during the stance phase of walking. The axis
label refers to the external #exion}extension moment. This moment is
balanced by the net moment generated by the action of the #exor and
extensor muscles at the knee. For example, a net moment dominated by
the quadriceps muscles would be needed to balance an external #exion
moment.

Fig. 4. The femoral reference point located at the middle point of the
trans-epicondylar axis of the femur was used to quantify AP movement
of the femur with respect to the tibia.

Fig. 5. The characteristics of the AP movement of the femur with
respect to the tibia during the gait cycle. The over all range, AP

.!9
, was

used to quantify the characteristics of dynamic stability, and di!erences
observed between normal subjects and patients with anterior cruciate
ligament de"ciency.

The point cluster technique (Andriacchi et al., 1998)
was used to study the anterior}posterior (AP) motion of
the knee during walking. The AP movement of a point
located on the trans-epicondylar axis of the femur was
determined relative to an axis "xed in the tibia (Fig. 4).
The characteristics of the AP movement had several
characteristics common to all subjects (Fig. 5). At heel
strike with the knee at full extension, the tibia is at its
maximum anterior position during the gait cycle. The
next key event occurs at terminal extension where the
tibia is located posteriorly again while the knee is near
full extension. Thus, heel strike and terminal extension
provide two events where the tibia is located over a range
of AP positions relative to the femur. Clearly, the dy-
namic forces during gait determine these positions since
passive motion of the knee would show a one-to-one
relationship between knee #exion angle and AP position
of the knee (Draganich et al., 1987). During the swing
phase with the limb unloaded, the tibia moves to its
maximum posterior position at maximum knee #exion,

and then moves forward rapidly as the knee extends prior
to heel strike. The curve represented in Fig. 5 was used to
assess the dynamic AP motion of the knee in patient with
ACL-de"cient knees (Hasan et al., 1998) that did not
develop the neuromuscular adaptation previously de-
scribed. The maximum AP displacement for patient with
ACL-de"cient knees (2.2$0.5 cm) was signi"cantly
greater (p(0.002) than normal (1.3$0.4 cm). Although
preliminary in nature, these results suggest that in the
absence of neuromuscular adaptations, the AP displace-
ment of the ACL-de"cient knee is greater than that
during normal walking.
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Fig. 6. An illustration of the three-dimensional reconstruction of the cartilage and proximal femur derived from a magnetic resonance imaging. The
reconstruction is registered with a coordinate system derived from the point cluster technique. The combination of the two techniques provides an
analysis of the load-bearing areas of the articular cartilage during activities such as walking.

A "nal example of the potential clinical importance of
functional adaptation has been reported (Prodromos et
al., 1985; Wang et al., 1990; Schnitzer et al., 1993) in
patients with osteoarthritis (OA) at the knee. The adduc-
tion moment at the knee during gait has been shown to
in#uence the outcome of high tibial osteotomy (HTO) for
varus gonarthrosis. Patients with a low preoperative
adduction moment had a lower adduction moment fol-
lowing HTO, and better functional and radiographic
outcome. These results could not be predicted from pre-
or post-operative static alignment (mechanical axis)
measurements. Clearly, individual variations in dynamic
loading during gait strongly in#uenced the clinical out-
come of a treatment for medial compartment OA. Do
these individual variations also in#uence the natural rate
of disease progression?

The appropriate deployment and selection of newer
treatment interventions for OA is dependent on the de-
velopment of better methods for the assessment of the
disease process. Degenerative changes to articular carti-
lage can be described in biological, mechanical and mor-
phological terms. From a morphological viewpoint, there
has been substantial progress in our ability to study
cartilage using MRI. From a mechanical viewpoint, re-
cent studies have demonstrated a relationship between
the dynamic loads at the knee during gait and progres-
sion of knee OA. The combination of imaging methods
with functional kinematic information obtained during
walking could greatly enhance our ability to study
OA.

Techniques have been developed which allow dynamic
visualizations of the high-resolution 3D internal images
derived from the MR scans. The motion of the subject-
speci"c anatomic elements can be driven by data ac-
quired from the motion lab. This is achieved by cross-
registering the "ducial markers in both the MRI and the
motion lab (Fig. 6). The skin-mounted markers are "lled
with gadalinium and covered with a retro-re#ective ma-
terial, rendering them opaque to both imaging modes.
Optimization techniques are then used to calculate the
transformations needed in the visualizations, bringing
the geometric representation of the anatomic element
from the MR coordinate system to the motion lab coor-
dinate system.

To address these issues, further developments are
needed involving the integration of morphological
and material property data with kinematic and kinetic
data obtained in a laboratory. New developments in
medical imaging have made it possible to obtain three-
dimensional segmented images of bone, cartilage and
connective tissue surrounding joints. The next major
developments in this "eld will likely incorporate informa-
tion from medical imaging into a construct suitable for
functional testing.

4. Conclusions

The study of human locomotion has contributed to
the advancement of fundamental knowledge as well as
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applied "elds ranging from military applications to
health care. Clearly, there are unanswered questions re-
garding the factors controlling various patterns of loco-
motion adopted by individuals following injury or
disease. There is substantial evidence that some indi-
viduals adapt their gait to compensate for instability,
pain or neuromuscular pathology. A critical challenge for
the future is to develop new and more powerful modeling
and observation techniques. This will lead to improve-
ments in our fundamental understanding of these loco-
motion processes, which in turn will advance our abilities
to improve clinical outcomes.
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