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Abstract
The study of movement has always fascinated artists, photog-
raphers and researchers. Across the years, several attempts to 
capture, freeze, study and reproduce motion were made. Nowa-
days, the possibility to have quantitative data may support the 
diagnosis and treatment of many pathologies. Thus, in many re-
habilitation facilities, a motion analysis laboratory is considered 
a must-have for diagnosis and patient’s monitoring. This paper 
reviews the first historical attempts, based on photography, and 
their earliest results, till the state-of-the-art technology used to-
day, i.e. the optoelectronic system.Working principle of the opto-
electronic system is described as well as its application and setup 
in the clinical practice. Modern functional evaluation protocols 
are reviewed, with pro and cons and examples of clinical results 
and discoveries. Results of measurements conducted on subjects 
with neuro-motor pathologies are reviewed. Special attention is 
paid to the most common motion analysis exam that is nowa-
days worldwide standardized, i.e. the Gait Analysis. Examples 
of Gait Analysis on subjects with pathology and follow-up are 
reviewed. 

Keywords: Biomechanics, Functional evaluation, Measurements, 
Medical devices, Optoelectronic System, Rehabilitation.

Abbreviations: OS: Optoelectronic System; GA: Gait Analysis; 
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History of Motion Analysis
The study of principles movement, human and animal, is 
an intriguing topic that has always fascinated the curiosity 
of researchers. In fact, across the years, many studies and 
publications were made, trying to figure out the principles of 
movement and its biomechanical causes and effects. 

Human/animal biomechanics involves multiple anatomical 
systems (nervous, muscular, visual, auditory etc.) and a strong 
coordination between the systems and the limbs, resulting in 
smooth and elegant movements, which may be very simple in 
the effect, but very complex from the mechanical point of view. 
Examples range from the animal quadrupedal walking or human 

bipedal walking (maintaining balance), to the most extreme 
sport performances.

For years, Engineers tried to reproduce natural movement 
strategies in mechanical machines or robots, but no one, has ever 
been successful in equalling such complex, smooth and beautiful 
motor performance. 

A close attempt was the one achieved by the Dutch artist Theo 
Jansen that created some kinetic sculptures, named Strand beest 
(that means Beach Beasts). This sculptures were made of PVC, 
wood, and fabric airfoils that collect the power given by the 
wind. By means of a mechanical design, wind power is stored in 
flywheels and transferred to several legs that move sequentially 
and achieve a walking effect (Figure 1). These beasts are able to 
reproduce a multi-legged walking pattern and are free to walk 
around by themselves (http://www.strandbeest.com).

Modern examples of devices designed to emulate and support 
human motion are robotic devices and orthosis. E.g. some 
advanced mechanisms were designed in the form of an exoskeleton 
to assist people with hand-motion impairments, by reproducing 
the physiological kinematics of fingers [1]. The key point in the 
design of such mechanism is that, while the exoskeleton should 

Figure 1: A Strandbeest designedby Theo Jansen. (http://www.
strandbeest.com)
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accurately reproduce the natural biomechanics, it should be 
small, portable and cost-effective as well [2].

Other examples are the robotic devices designed to simulate 
the biomechanics of human breathing [3,4] and to assist human 
walking in rehabilitation programs [5]. The design of such robot-
ic devices requires the parallel development of advanced math-
ematical algorithms for generating inverse kinematics maps [6]. 

It is clear that studying human/animal biomechanics represents 
a big research challenge, aimed to understand and reproduce 
the principles of movement and to finally answer the question: 
how can that perfect machine, that is human body, achieve such 
smooth movements in a so simple and natural way? 

The first biomechanical studies were conducted by means of 
photography techniques, where an effective representation of 
motion could be obtained by taking sequential pictures at a fixed 
time interval. This technique was known as chronophotography. 
The most known attempts were the works of the English 
photographer Eadweard Muybridge (9 April 1830 – 8 May 1904, 
Figure 2). He used advanced photographic instrumentation (for 
that time) to take sequential photography of animals and people 
performing motor tasks. His works were appreciated for their 
artistic and scientific value. His most famous work, The Horse in 
Motion (Figure 3), was inspired by a biomechanical question that 
was popular in that period: is there a moment in which all the 
four feet of a trotting horse are off the ground at the same time? 
Till that time, in fact, most artists used to paint horses with one 
foot always on the ground. The question was intriguing, because 
the forward movement logically required a moment of complete 
loss of contact with the soil, but no one had ever observed it, as 
the human eye is not fast enough to catch the moment. 

To answer that question, Muybridge took sequential shoots of 

a galloping horse using an array of 12 cameras placed along a 
racetrack [7]. The images clearly showed that there was a time in 
the running stride when the horse did actually have all the four 
hooves off the ground (Figure 3, 1st line, 3rd image). 

Other famous Muybridge’s works are “The Woman Walking 
Downstairs” and “Two women kissing”, shown in Figures 4 
and 5. In these works the author used the chronophotography 
technique to represent the motion of human action and to 
provide an objective evaluation of the posture and motor strategy 
involved in the action. The “Woman Walking Downstairs” is a 
remarkable piece of work as it considered one of the first attempts 
to objectively study the biomechanics of the human body 
while performing everyday tasks. The “Two women kissing” is 
considered the first ever filmed kiss.

In 1882, the French scientist and photographer Étienne-Jules 
Marey (5 March 1830, 15 May 1904) invented a device capable of 
taking 12 consecutive frames in a second. This device was a shot-
gun modified to capture light on a photo-sensitive disc that col-
lected the 12 frames consecutively. The device was named chro-
nophotographic gun (Figures 6, 7) and the resulting pictures in 
motion can be considered the precursor of the cinematographer, 
invented by Lumière brothers in 1895.

Marey’s studies were mainly focussed on animals (horses, birds, 
cats and others) and human locomotion as well [8]. The most 
famous work is the movie that demonstrates how falling cats 
always land on their feet (Figure 8).  He also conducted very 
similar studies on chickens and dogs finding out that they could 
do almost the same [9]. Marey also conducted studies on the 
biomechanics of human walking (Figure 9) and subsequently 
improved the photographic technique by adding markers on the 
subject’s body. This markers resulted in bright dots or lines on 

Figure 2: Eadweard Muybridge Figure 4: Woman Walking Downstairs, by E. Muybridge, 1887

Figure 5: Two women kissing, by E. Muybridge, 1887Figure 3: The Horse in Motion, by E. Muybridge, 1878
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the developed film, allowing an accurate identification of body 
segments and landmarks and tracking their position over time 
(Figure 10).

Following years brought several advances in photographic 
techniques and cinematography that allowed the biomechanical 
analysis to become more accurate and detailed. The possibility 
to obtain an objective evaluation of human motor performance 
has captured the interest of clinicians and today it is considered 
a valid method to study motor performance and to support 

the diagnosis with quantitative data [10]. Thus, biomechanical 
analysis has switched from a purely academic discipline to a 
powerful clinical tool for functional evaluation and diagnosis 
of motor disorders. It was proved of being useful in supporting 
the diagnosis of motor disorders and treatment follow-up by 
providing quantitative information [11–16].

Modern Functional Evaluation
The process of recording and reconstructing the movements of a 
subject, actor, animal or any moving object, is nowadays known 
as motion capture, or MoCap for short.

Nowadays, the gold standard method for MoCap is the use of 
an Optoelectronic System (OS) [17], that is widely employed in 
cinema and video games industry, for the modelling of humanoid 
characters, and in medicine/sport science, for the functional 
evaluation of patients and athletes.

OSs use several infra-red cameras, placed along the perimeter 
of a laboratory, to observe the scene from different angles. Each 
camera has a IR strobe coaxial to the lens that lightens up the 
field of view. Light produced by the strobes bounces on the 
reflective markers that are placed on anatomical landmarks over 
the subject/object to acquire. Camera’s sensors have a filter that 
allows them to collect only the infra-red radiation scattered by 
the markers, while discarding the ambient light. This allows 
to obtain high contrast images of the markers that are seen as 
white dots on a black background. A further method to discard 
ambient light and to reduce artefacts (false marker detection 
due to reflecting objects in the room), is to drive the strobes at a 
specified frequency (flashing). 

The two-dimensional images acquired by cameras are mixed 
by means of stereo-photogrammetry techniques that allows to 
reconstruct the three-dimensional coordinates of markers, that 
in turn shape the biomechanical model of the subject (Figure 
11).

For each marker the sensor detects a white dot, whose diameter 
depends on the size of the marker itself, resolution of the sensor 
and the distance between the marker and the camera. The 
centroid of the white area is computed in order to define the 
marker positions with respect to the camera’s frame (Figure 12).

By means of parallax algorithms it is possible to reconstruct the 
x,y,z Cartesian coordinates of each marker in a 3D virtual space. 
The coordinates are acquired as time series representing the 
duration of motion.

For the algorithm to work, each marker should be seen by at 

Figure 6: The Chronophotographic Gun, by Étienne-Jules Marey

 
Figure 7: Chronophotographic Gun in use

Figure 8: Falling cat, by Étienne-Jules Marey, 1894

Figure 10: Walk, by Etienne-Jules Marey, 1886Figure 9: Man Walking, by Étienne-Jules Marey, 1890s
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least two cameras. As the markers may be easily hidden during 
motion, many cameras are placed along the perimeter of the 
room, to ensure that at least two cameras see each marker during 
the recording. If more than two cameras see the same marker, 
redundancy can be used to optimize, and therefore increase, the 
accuracy of the reconstruction [17–20].

The commonly used markers are small spheres or hemispheres 
with IR-reflecting external surface. The most common diameters 
are 10 mm, 5 mm, 3 mm and 1 mm (Figure 13).

The accuracy of the system strongly depends on the resolution 
of cameras’ sensor and the volume of the laboratory. A common 

movement analysis laboratory consists in a physiotherapy 
gym with an useable space of about 100 m2. To such a volume, 
corresponds an accuracy of~1 mm on the reconstruction of x,y,z 
coordinates.

The Optoelectronic System can also record real time data 
streamed from other instrumentation, such as force platforms, 
electromyography and video recording system, and synchronize 
it to the kinematic recording [21]. This enables a multifactorial 
and multivariate analysis of motion.

The key point in motion capture is the reconstruction of a subject 
model from the markers coordinates (Figure 11). To obtain this, 
markers have to be placed on specific anatomical landmarks, 
according to a protocol which depends on the anatomical district 
or on the task that needs to be investigated.

The design of a functional evaluation protocol is not an easy task, 
as limbs have to be modelled as rigid segments reconstructedfrom 
the physical markers that should berigidly fixed over the skin 
of the subject. The modelling therefore runs under the rigid 
body assumption, which means that the modelled limb does 
not undergo modifications during the motion. Under this 
assumption, at least three markers are required to track each 
segment [17]. 

It is clear that the tracking of rigid bodies is affected by artefacts/
errors due to wrong positioning, skin sliding over the bone, etc. 
This errors are usually addressed as “soft tissue artefacts” [20]. 
These effects can be reduced by marker redundancy, accurate 
marker placement and accurate definition of anatomical landmark 
by the design of an ad-hoc functional evaluation protocol.

The general guidelines for markers placement identify the most 
suitable landmarks as the point where the effect of the skin sliding 
over the bones is minimum. This landmarks are often identified 
on bone prominences, points of reference for joint rotations 
(elbow, knee, ankle, etc.) and limb extremities (toe, fingers, etc.).

Functional evaluation protocols
Many functional evaluation protocols were developed across the 
years, depending on tasks to investigate. Testing ranged from 
general motor abilities, to high level neuro-motor coordination, 
that reflect the brain’s ability to conceive, organize, program and 
carry out a sequence of actions [22].

The most known functional evaluation protocol requiring 
MoCap is the Gait Analysis (GA), i.e. the quantitative study 
of the walking strategy of a subject and its implications on the 
posture. GA provides detailed quantitative information about 
the functionality of the anatomical districts directly involved in 
the act of walking: foot, ankle, knee, hip and pelvis.

During a GA, the subject is asked to walk along a pathway within 
the lab, while a biomechanical model is reconstructed (Figure 
11).

GA allows the estimation of: (i) kinematic parameters,the ana-
tomical angles and their variation across three anatomical refer-
ence planes (sagittal, coronal and horizontal); (ii) spatiotempo-
ral parameters: cadence, velocity, step length, stance time, stride 
time, asymmetry in stride, etc.; (iii) kinetic parameters: ground 
reaction forces in three dimensions and their evolution over 
time; (iv) EMG tracks and other analog tracks describing mus-
cular activation, timings and strength.

Figure 11: Biomechanical model of a walking subject. The model is re-
constructed by using the information from the Optoelectronic System 
and the force plates

Figure 12: Markers seen by camera’s sensor and centroid estimation at 
different resolutions.

Figure 13: IR reflectivemarkersfor motion capture and support for ap-
plication on subject’s skin.
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Several marker protocols were proposed for the recording of a GA 
[23]. Some examples are the CAST [24] and the Davis protocol 
[25] that are widely used in today’s clinical practice.

Nowadays GA is widely recognized as a multifactorial and 
powerful clinical tool [10,26]. 

GA was already applied to the characterization of the walking 
strategy in: Parkinson’s disease [12], Down Syndrome [27], 
Ehlers-Danlos Syndrome [28], Cerebral Palsy (CP) [26,29] and 
it was used to validate the effects of novel treatments in subjects 
with neurological disorders [12,13,30,31]. 

Clinical decisions, rehabilitative treatments and follow-up 
evaluation are often based on the results of GA exams [10,32], 
especially in the case of CP and spastic paresis that may induce 
motor disorders at different levels. Actually, very different gait 
patterns are observed in patients with CP [31,33,34]. Some 
examples of gait abnormalities observed in CP patients are: 
the equinus gait pattern, that involves alteration of ankle joint 
functionality [35]; crouch gait, that involves abnormal knee 
flexion [29]; and pelvis abnormal anti-retroversion with overall 
range of motion limitation due to spasticity [29]. 

As further examples, GA was used to monitor the long term 
effects of orthopaedic surgery on children with CP, quantifying 
the improvements over the time [36]. Patients with Prader-Willi 
syndrome [30] were found to have a significant improvement 
in GA after an osteopathic treatment. Sale et al. [12] used GA 
to measure gait improvements in subjects with Parkinson’s 
Disease undergoing a robotic treatment. Finally, a treatment 
of neuromuscular taping improved gait of a subject with Joint 
Hypermobility Syndrome [13].

Several research works were aimed at the design and validation 
of MoCap protocols for the functional evaluation of some 
anatomical districts or functional tasks. Examples follow.

Ancillao et al. [16] designed a protocol for the analysis of 
displacements of human mandible. It was based on 12 small 
markers placed on the face of the subject that allowed the 
measurements of small displacement of the jaw and the head. The 
protocol was applied to subjects with Ehlers–Danlos syndrome 
and allowed a quantitative analysis of jaw dislocation and its 
effects on posture on subjects with pathology. The same authors 
designed a protocol for the evaluation of facial movements and 
expressions [37]. It was based on a total of 20 markers placed on 
the face, head and upper body of the subject (Figure 14). The high 
accuracy of the protocol allowed to measure the effects of stroke 
on facial conformation and mobility, giving a substantial help for 
the diagnosis and follow up of such pathologies [37]. Ancillao, 
et al. also designed a protocol for the analysis of handwriting by 
means of the OS [38]. This protocol was based on 9 markers of 
5mm diameter placed on the cap of a common pen/pencil and 
on the corners of an A4 sheet and 12 marker on the upper limb 
and head of the subject (Figure 15).

The drawing protocol was proved to be able to reconstruct 
handwriting with an accuracy of ~0.6 mm. This method allowed 
to produce quantitative data supporting many clinical tests that 
are commonly administered by the Pen-and-Sheet method. For 
these tests, a score is qualitatively assigned by a trained operator 
[38]. Some examples are the Denver Developmental Screening 

Test, in which the subject is asked to draw simple geometrical 
figures, such as a circle, a square and a triangle [39,40] and the 
Clock Drawing Test, in which the subject is asked to draw a clock 
indicating current time [41,42]. The MoCap protocol [38] allows 
the estimation of velocity, starting/ending points, dimensions 
and length of the track, angles, etc. that play animportant role in 
the diagnosis and follow-up evaluation of neurological diseases, 
such as Parkinson’s disease [43,44], Multiple Sclerosis [45], or 
developmental disabilities [39,46,47]. 

The use of the OS is preferable to graphics tablets because it 
works with a regular pen and sheet without altering the writing 
conditions by inserting a layer between the sheet and the desk 
[38]. Moreover, the OS provides additional information that 
is not recorded by the graphic tablet, i.e. the trajectory and 
speed of the pen tip while it is not in contact with the paper, 
the orientation of the pen in space, etc. Measures of angles and 
motion of anatomical joints (finger, wrist, elbow, shoulder) and 
general posture of the subject may also be recorded at the time of 
the writing [38,40]. The drawing protocol [38] was applied to the 
study of drawings performed by subjects with Down Syndrome 
[48] that were asked to draw simple geometrical shapes, according 
to the Denver screening test [39]. Handwritten tracks, as well as 
motion of the arm and posture, were recorded by means of the 
OS. The study demonstrated that Down Syndrome subjects draw 
faster than controls but with less accuracy [48]. 

Figure 14: Marker protocol designed by Ancillao et al. [37] in use for 
the reconstruction of facial expressions

Figure 15: Marker protocol designed by Ancillao et al. [38] in use for 
the reconstruction of drawing.
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Another protocol for the functional evaluation of the upper 
limb was designed by Vimercati, et al [49] to investigate the 
strategy chosen by subjects with Down Syndrome that were 
asked to sequentially hit some targets by a stick hold in hand 
while sitting in front of a table. The protocol was composed of 
12 passive markers that provided a fine reconstruction of the 
motor strategy chosen by the subjects with Down Syndrome 
that are known to have poor coordination, high rates of failure 
and slower reaction time, mainly due to lower muscle tone and 
ligament laxity [50]. Linear and angular velocities were measured, 
as well as acceleration, showing in agreement with other studies 
[51,52] that children with Down Syndrome moved slower and 
with reduced peak velocity than normally developed children. 
The motion of the upper limb was also studied in a patient with 
hemiplegia that was treated with neuromuscular taping [53]. 
The subject, while sitting in front of a table, was asked to reach 
a target with her finger on the affected arm and then bring the 
arm back to the resting position. The markers were placed on 
the head, the trunk, the arm, forearm and hand and the reaching 
movement was segmented into three sequential phases. The OS 
allowed to compute timings of the phases, smoothness of the 
movement, joint ranges of motion and reaching accuracy. The 
analysis was repeated “pre” and “post” treatment and it was 
proved that motion in the “post” session was smoother, faster 
and less segmented [53]. 

A detailed study on reaching is the one by Butler, et al [54] that 
studied the ability of children with cerebral palsy to reach, grasp 
and transport objects, compared to a control group. More in 
details, children were asked to reach a cup of water, bring it to 
the mouth and simulate water drinking. The motion was studied 
by an OS and a marker protocol on the upper limb, composed 
of 17 markers. The parameters measured were: trunk flexion/
extension and rotation, shoulder elevation, elbow flexion/
extension, forearm pronation/supination and wrist flexion/
extension. The study showed that children with cerebral palsy 
had reduced elbow extension followed by increased wrist flexion 
and trunk motion [54].

The motion analysis of the upper limb is crucial to study the bio-
mechanical activities that involve fast and accurate movements 
such as bowing to play string instruments. In the work of Tur-
ner-Stokes and Reid [55], the authors developed a protocol to 
study the motion of the bowing arm of musicians. The protocol 
involved an OS, reflective markers placed on the bowing arm and 
it was aimed to the diagnosis of neuro-motor diseases that are 
common among professional musicians [55]. The authors com-
pared motor strategies trajectories adopted by players of different 
bowing instruments from cello to violin. Quantitative results 
were proven reproducible and demonstrated clear differences 
between the instruments as well as stylistic differences between 
the players. The range of motion of the shoulder correlated with 
the type of the instrument, being larger on the cello and smaller 
in the case of the violin. Instead, the range of motion of the elbow 
was greater on the violin [55]. The high range of motion of the 
shoulder was correlated to the neck and shoulder symptoms that 
are common among cellists. 

Another study on interlimb coordination in violin players was 
conducted by Baader, et al [56]. The use of OS allowed recording 
finger trajectories and bowing motion providing quantitative 
results in terms of velocity and timings. Anticipatory mechanisms 
in finger-press, synchronization, and errors in timings were 
exploited, proving that the optoelectronic measurements are 
accurate and powerful in assessing small, fast and accurate 
movements. 

Biomechanical analysis becomes critical when modelling small 
anatomical segments such as fingers. Some study were conducted 
about the definition and validation of biomechanical models of 
thumbs and wrist joints [57–61]. Cerveri, et al [58] validated a 
kinematic model of the trapezio-metacarpal joint. The motion 
was reconstructed by nine passive markers applied on the surface 
of hand and fingers, and then acquired through an OS. The model 
allowed representing motion of the thumb joint across the three 
anatomical axes. Analysis of inaccuracies showed that the model 
was able to reconstruct kinematics with an error of 5 mm for 
linear distances and 6° for angles. Small, et al [59] modelled and 
measured motion of the wrist by means of an OS and stereo-
radiography. The detailed kinematic analysis was performed 
to extract Euler angles among the anatomical planes. Angular 
uncertainties due to the OS were estimated about 6 mm in 
accordance with the results of Cerveri, et al [58]. Results showed 
that measurements conducted by OS and by stereo-radiography 
were comparable with similar accuracies [59]. Opposite to stereo-
radiography, OS provides a non-invasive method for accurate 
biomechanical analysis of the wrist joint [59].

Conclusion
The capture of motion has always fascinated the artists the 
photographers and, nowadays, the researchers. 

Across the years several technologies were developed, allowing a 
more accurate quantitative reconstruction of motion.

Today the gold standard for motion capture is the optoelectronic 
system, whose use is widespread in the motion picture and video 
games industry, for the modelling of humanoid characters, as 
well as in medicine/sport science, for the functional evaluation 
of patients and athletes.

Several functional evaluation protocols, involving the OS, have 
been developed and validated, allowing an accurate evaluation of 
many anatomical districts and motor tasks. This allowed a deep 
investigation of the motor features of subject with pathologies 
involving the nervous system and the musculoskeletal system.

The possibility to have non-invasive procedures providing 
quantitative data to document the evolution or improvement 
of a pathology, is extremely useful to support the diagnosis and 
treatment of such pathologies. In many clinical rehabilitation 
facilities, motion analysis and Gait Analysis are considered a 
must-have for diagnosis and patient’s monitoring. 

In the next years, accuracy of the systems will improve, allowing 
an even more accurate analysis, and therefore more possibilities 
for biomechanical analysis.
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