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CHAPTER 31
Medical applications

Nicola D’Apuzzo & Harvey Mitchell

ABSTRACT: The wide variety of uses of measurements from imagery to provide spatial information for
medicine and human sciences is categorized into three distinct groups. The first category of applications
involves surface shape measurement of any part of the body, whether very small or large. It is now commonly
undertaken by laser scanning and structured light measurement, and finds uses in plastic surgery, reconstructive
medicine, orthopaedics, prosthetics orthodontics and other dentistry, dermatology and cosmetics. The second
group involves the recording of the human body in motion, which is widely used predominantly but not solely
for studies of walking people. The third group represents the most novel application: the surgical use of real-
time measurement to precisely position surgical instruments and prostheses in the operating theatre. The latter
two fields are distinguished from the first by being well suited to conventional photogrammetric triangulation
using camera imagery in conjunction with the matching of features in the images. This chapter identifies the
main challenges in these three groups, specifies the technical features which characterize each, and records

some of the applications for purposes involving human beings.
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31.1 INTRODUCTION

Photogrammetrists who are interested in applications
in human measurement will find that there are many
papers in this field, and they are found in both bio-
medical and photogrammetric journals. They will also
find that the authors have a variety of backgrounds,
including medical, engineering and photogrammetry.
The papers show that some of the photogrammetric
systems are intended for short term medical use, oth-
ers are used over longer terms; some systems empha-
size simplicity and low cost while others are more
sophisticated. To understand the distinctive charac-
teristics and challenges of medical photogrammetric
measurement, it is useful to first recognize some of
the more common uses. Motion tracking, typically of
the whole body but sometimes of just a part of the
body, seems to dominate current applications. There
is also a demand for static measurement of certain
body regions, the back, the entire head, face, female
breast, the hand, arm and foot, undertaken for disease
detection, treatment, prosthesis fitting, anatomical
research, ergonomic studies and so on. Occasion-
ally, there is a requirement for measuring smaller and
very specialized body areas such as the eye, ear, and
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teeth, or part of the skin in the location of melanoma
or wound. Finally, it is important to recognize the
current major challenges faced in the dynamics of
surgical monitoring in which the goal is to guide the
surgeon during surgical interventions.

The aim of medical photogrammetry is to assist
in health matters, usually related to a disease and its
detection, treatment or monitoring, but perhaps also
related to disease avoidance as in the case of sports
and ergonomic studies. Medical measurement neces-
sarily involves human beings as subjects for imaging,
and humans have certain characteristics that require
consideration. Unlike inanimate objects, humans
need physical comfort, and do not want to be left
in one fixed or unnatural position, especially for an
unspecified length of time. Humans also have a range
of requirements for mental comfort, including at
times the need for privacy and confidentiality.

Although each type of medical measurement faces
its own challenges, there are certain distinctive and
common photogrammetric characteristics. Body parts
are never simple geometric shapes, and the measure-
ment task is generally to define surface shape, and not
to detect edges or to locate characteristic points as may
be required in industrial measurement, for example.



Also, body surfaces are notoriously free from good
natural targets, so that for imaging purposes the sur-
faces of interest must somehow be given texture. At
the photographic stage, the imaging is invariably syn-
chronous, the various cameras being held fixed, and
so multiple cameras are needed. Fortunately for the
photogrammetrist, accuracy requirements are gener-
ally not as high as in other areas of photogrammetry
such as industrial measurement.

31.2 SENSORS AND DATA ACQUISITION

31.2.1 Human motion tracking

Human motion recording by photogrammetry is used
primarily to observe the movement of the entire human
body, mostly for gait analysis, but it is also used to
record people involved in sporting activity. Less com-
monly, motion recording by photogrammetry con-
cerns movements of regions less than the entire body.
Recording of movement creates severe photographic
challenges. In the most common cases, a person,
often shrouded with targets, is imaged moving at a
relatively high speed while using actions that cause
the occlusion of the targets. A stream of confusing
imagery may be collected from a number of cameras,
so that the subsequent analysis requires photogram-
metric systems that are sophisticated, and hence may
also be relatively expensive. However, the demand
for this type of measurement is high, and a number
of advanced photogrammetric systems are available
commercially. (The commercial systems also find use
in health related, e.g. ergonomic, studies and even in
the entertainment industry.)

The extensive commercial involvement in motion
recording has meant that reports of applications are
widespread but technical details not common. Nor do
commercial websites provide the underlying photo-
grammetric theory and practice, which might inter-
est the photogrammetric reader. In a number of cases,
however, technical detail has been reported during a
photogrammetric motion recording system’s develop-
ment stage. Consequently, papers reporting the pho-
togrammetric facts can seem to be dated, but they are
nevertheless important reports of the developments
in that era; see e.g. Ferrigno & Pedotti (1985) and
Walton (1990).

Movement recording systems require a number of
cameras in order to both ensure patient coverage and
to cope with occluded targets. High frame rates are
necessary, often rates higher than the 30 images per
second typically encountered with common cameras.
Targets are normally placed on the subjects, both pas-
sive and active targeting being used. The technical fea-
tures of the many available motion recording systems
have been compared by, e.g. Ehara et al. (1995, 1997)

and more recently by Richards (1999), who refers
to eight systems, which use up to about 30 cameras
observing up to 500 targets. The relative accuracies of
point measurement are typically 0.1 to 1 mm. Informa-
tion about the current versions of the systems referred
to by Richards are provided by commercial websites:
Avriel Dynamics (2008), Charnwood Dynamics Ltd.
(2008), BTS SpA (2008), Motion Analysis Corporation
(2008), Northern Digital Inc. (2008), Peak Perform-
ance (2008), Qualisys AB (2008) and Vicon Motion
Systems (2008), while references can be found to yet
other systems, e.g. Biogesta (2008) and Phoenix Tech-
nologies (2008). It is now relatively rare to find reports
of the use of motion analysis systems other than those
of commercial origin, but some developments can be
noted. A development by Garrido Castro et al. (2006)
contrasts with commercial systems referred to above,
because the system is intended to be low-cost, with
off-line processing involving percentages of manual
digitizing. It also aims to be used without wired targets
to provide greater versatility, such as outdoors.

Calibration of motion recording systems is a cru-
cial matter, and techniques are included in the com-
parison by Richards (1999).

31.2.2 Human body surface scanning

Laser scanning and structured light projection rep-
resent the optical measurement technologies mostly
employed for the three-dimensional digitizing of the
surface of the human body.

They are both based on the same rule, namely tri-
angulation, in the way that light structures (normally
in the form of stripes) are projected onto the human
body, with light sensors acquiring the scene; by
known geometry of the set-up, 3-D information can
then be drawn from the imaged data.

The difference between the two methods resides in
the way the light structure is projected and imaged.
By laser scanning, laser light sources are used to
project on the human body one or multiple thin and
sharp stripes (see Fig. 31.1 on the left). To assure the
inoffensiveness of the light beam, only eye-safe lasers
are employed. A laser scanning unit is composed of
the laser light source, the optical system and the light
sensor (variations are possible also in the number of
employed laser sources and light sensors). The unit is
moved across the human body to digitize the surface.
The type of movement and the number of employed
units can vary depending on the human body parts
to be measured. For example, full body scanners are
usually composed of three or four scanner units that
move vertically synchronously along three or four pil-
lars placed around the person.

The high costs of producing hardware components
for laser scanning technology have to be considered
as a disadvantage. Additionally to the laser, the light
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sensor and the optical system, precise electric motors
also have to be used for the displacement of the scan-
ner units. Moreover, the complete scanner system has
to be calibrated so that the geometrical disposition of
all the elements can be determined exactly. A second
disadvantage of this method is the time required for
the digitizing of large surfaces, as movements and dis-
placements of the person occurring during the scan-
ning process lead to noise and measurement errors in
the resulting data. There is no problem for the meas-
urement of extremities such as feet and hands, since
these body parts can be kept immobile for some sec-
onds. But in the case of the measurements of head or
full body, it is practically impossible to stay immobile
for several seconds. Additionally, uncontrolled move-
ments such as breathing or muscle contraction have
also to be considered.

The second technology used extensively for human
body measurement is based on the projection of light
patterns. It comes closer to the solution of the prob-
lems described above. Instead of moving the scanning
unit, a light pattern (usually in the form of a bun-
dle of stripes) is projected onto the entire interested
area of the human body (see Fig. 31.1 right), where
a light sensor (usually a digital camera) acquires the
scene. In this case, the scanning device is usually
composed of a white light projector and a camera.
More complex systems employ multiple light sensors
and/or multiple projectors. The measurement process
is similar to the method of laser scanning: stripes on
the surface are measured singularly by triangulation.
The difference is that this happens in a single step
allowing the entire surface to be digitized by a single
acquisition. For the increment of the resolution, the
projected stripes may be shifted and multiple scenes
acquired.

The short time of the scanning process (mostly
under one second) reduces the problems caused by
uncontrolled movements of the person during the
measurement process. However, to measure large
parts of the human body (e.g. entire head or full
body), multiple scanning devices are required. This

Figure 31.1.
body. Right: structured light in the form of multiple white
stripes projected onto the human body. (see colour plate
page 515)

Left: laser stripe projected onto the human
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Figure 31.2. Example of surface measurement systems
employed in medicine (from left to right, top to bottom):
InSpeck surface digitizer Mega Capturor 11 (mounted on a
vertical bar), 3Shape dental scanner Dental SCAN, Polhemus
hand-held surface digitizer FastSCAN Scorpion, IVB-Jena
face scanner gscan.

procedure has the disadvantage that multiple units
cannot be used simultaneously since they interfere
with each other. In practice, multiple equipment has
to be used serially. This implies again an extension of
the acquisition time.

Which of the two technologies—Ilaser scanning
or structured light projection—should be more ade-
quately employed, depends on the measurement task
to be performed. This fact is also demonstrated by the
multitude of commercial measurement systems based
on different methods and technologies available now-
adays. Among them, four groups can be identified
as the main systems used in the medical field: (1)
modular structured light projection systems (multiple
units can be combined into a complete system) - for
a fast digitizing of body areas; (2) desktop solutions
with multi-axial moving platform—for the automatic
measurement of small objects (e.g. dental impres-
sions, ear impressions); (3) hand-operated or hand-
held laser profilers—for complete freedom during the
acquisition; and (4) dedicated systems designed for
a specific measurement task—as for example face
scanner, foot scanner, full body scanner. Figure 31.2
shows examples of the four groups.

31.3 APPLICATIONS IN MEDICINE

The medical field represents an established group
of users of both human body surface scanning and



human body motion tracking techniques. In this
regard, various applications can be found in biome-
chanics, plastic surgery, orthopaedics, prosthetics,
orthodontics, forensic medicine, dermatology, etc.
In the following sections, some examples of applica-
tions are briefly described. They represent uniquely
a small part of possible exploitations. Nevertheless,
they serve to illustrate the potentials of 3-D measure-
ment techniques applied in medicine.

31.3.1 Dynamic 3-D measurement

31.3.1.1 Human motion tracking

The end uses of human motion tracking are very
diverse, and extend beyond anticipated application
areas in anatomical and physiological research, sport-
ing studies, rehabilitation and ergonomic planning to
applications in the neurological, psychological and
anthropological areas. Even a fairly cursory exami-
nation of the literature will show the full range of
commercial systems being used for the analysis of
walking (Whittle & Levine 1999, Troje 2002), run-
ning (Krosshaug etal. 2007), in sport (Ford etal.
2003) and also for studies involving the effects of
cold exposure on leg muscles (Oksa et al. 1997), cer-
ebral palsy (Meinecke et al. 2006), obesity (Achard
de Leluardiére etal. 2006) and idiopathic arthritis
(Brostrom et al. 2007), and so on.

Not all studies concern the full body. Puce et al.
(2003) and Baroni et al. (1998) observed movements
of the face using commercial systems intended for
studies of the movement by the entire human. Liu
etal. (2007) investigated the measurement of teeth
movement, again using a standard commercial sys-
tem. “Optical motion analysis techniques have been
widely used in biomechanics for measuring large-
scale motions such as gait, but have not yet been sig-
nificantly explored for measuring smaller movements
such as the tooth displacements under load. In prin-
ciple, very accurate measurements could be possible
and this could provide a valuable tool in many engi-
neering applications”, according to the authors, who,
in their evaluation of the “accuracy and repeatability
of the Qualisys ProReflex-MCU120 system when
measuring small displacements”, noted that system
repeatability was less than 0.005 mm, demonstrat-
ing “that the system suffices accuracy for measuring
tooth displacements and could potentially be useful in
many other applications.”

Cases of measurement when the trajectory itself is
not relevant but the movement causes an effect, such
as a deformation, which is of interest are not strictly
motion recording, but we will include them here espe-
cially because they often face the same challenges and
use similar solutions to pure motion recording. For
example, Gao et al. (2000) used a pair of cameras to
record the shape of a bioprosthetic heart valve at critical

stages during a laboratory experiment to observe the
valve’s deformation in an action induced by a mechan-
ical apparatus. The valve surfaces were marked to pro-
vide photogrammetric targets. The only medical part
of the experiment were the valves, but the issue is still
seen here as medical photogrammetry. The experiment
faced the interesting challenge that the valve opening
and closing could last less than 0.04 seconds, while
affordable cameras recorded with a period of 0.03
seconds. The interline transfer cameras recorded two
events per frame by stroboscopic illumination, the two
images being segregated subsequently.

Photogrammetry is also finding applications in the
task of positioning patients for irradiation. While this
may not strictly be motion recording, it can be noted
that Baroni et al. (2003) used a commercial motion
recording system for this purpose, and the challenges
of the task can put it into the motion recording cat-
egory. The benefit of precise patient positioning lies
in reducing the radiation that must be allowed to over-
flow to nearby healthy cells in cases of poor position-
ing. The obvious tactic is to use targets fixed to the
body, but another approach is to mathematical match
measured surface shapes to identify whether the rel-
evant part of the patient is in the required location.
This is especially suited to positioning distinctive
shapes such as the female breasts (e.g. Baroni et al.
2003), but it has also been used for neurosurgery,
e.g. Raabe et al. (2002). Bert et al. (2006) refer to the
use of a commercial patient positioning system; see
Vision RT (2008). Accuracy is obviously a primary
concern; Rogus et al. (1999) consider accuracy issues
in patient positioning, but high speed measurement
and processing are also crucial.

Although recording is of primary interest to the
photogrammetrist, the spatial data manipulation and
motion analysis is an important adjunct to motion
recording to provide information of the sort shown
in Figure 31.3. Most commercial photogrammetric
motion recording systems are available with linked

Figure 31.3. Three dimensional trajectories representing
human body motion, from D’ Apuzzo (2000).
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motion analysis software. Occasionally analysis soft-
ware is available independent of the recording system
(e.g. see C-Motion Inc. (2008)).

31.3.1.2 Surgical navigation systems

Optical measurement systems are an established facet
of surgical procedures using computer aided assist-
ance. The importance of these systems has grown
with the increasing popularity of minimally invasive
procedures, which are associated with a reduction in
operative field visibility. These measurement systems
are mostly based on stereo photogrammetry and are
usually composed of stereo camera acquisition units
and surgical instrumentations marked with signalized
target points. Figure 31.4 shows a typical example:
the infra-red photogrammetric measurement system
Cambar of the company Axios 3D Services (2008).
Recent studies (Broers & Jansing 2007) evaluated
positively the reliability and precision of such stereo
measurement systems for the overall success rate of
surgical navigation.

The stereo photogrammetric measurement sys-
tem is uniquely a component of the surgical navi-
gation system. In fact, complete solutions for
computer assisted surgery also include real-time
navigation and real-time computer assisting software

solutions. Moreover, medical imaging data acquired
pre-operatively (as for example by computer tomog-
raphy or by magnetic resonance imaging) has also to
be integrated into the navigation system and has to be
aligned with the photogrammetrically acquired data.
This is required both for planning and for executing
the surgical intervention.

Various solutions are available commercially and
dedicated solutions have been implemented for typi-
cal interventions, as for example knee replacement or
spinal surgery. Figure 31.5 shows snapshots of dif-
ferent parts of a complete navigation system for total
knee replacement: VectorVision Knee of BrainLAB
AG (2008). The complete navigation solution ena-
bles knee replacement surgery with great precision
and control. The system helps the surgeon, in real-
time and with on-screen information, in the different
phases during the intervention, from the bone cuts
execution to the precise insertion of the knee replace-
ment components in the bone. The surgeon also has
the option to make individual modifications of the
treatment plan, including the size, position and orien-
tation of the implant. Surgical instruments are contin-
uously tracked by the navigation system to judge their
precise position and alignment relative to the oper-
ated parts and in accordance with the planned and

Figure 31.4. Axios3D Cambar photogrammetric measurement system and surgical instrumentation with signalized targets.

(see colour plate page 516)
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Figure 31.5.

Snapshots of VectoVision Knee of BrainLAB (2008). Initial planning and alignment of the implant position

(left), real-time bone cut navigation and verification (centre), kinematical analysis for optimal leg alignment balance (right).

(see colour plate page 516)
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executed treatment. This provides the surgeon with
comprehensive real-time information, which allows
the surgeon to make decisions for greater control over
the surgical outcomes.

31.3.2 Human body surface measurement

31.3.2.1 Plastic surgery, reconstructive medicine
Even though, at first sight, plastic surgery will be
thought as an ideal field of application of human
surface measurement techniques, in practice this is
not the case. Commercial systems dedicated to the
measurement of various parts of the human body and
especially developed for surgical applications are
available. Two examples are shown in Figures 31.6
and 31.7: the breast and face digitizer of InSpeck
(2008) and the portable face and body scanner by
GFMesstechnik (Benderoth 2005).

Advantages of using such systems in combina-
tion with analysis and measurement software could
be manifold, e.g. for the planning of surgical inter-
ventions, for the comparison between pre- and post-
operative shape, or for a better interface between
patient and surgeon. Other software solutions go even
further by simulating the effects of surgical interven-
tions in a virtual environment. Regardless of all these
available solutions, resistance is still present from the
surgeons for their use in actual practice. Nevertheless,

interest begins to arise especially if advantages can
be demonstrated, as in the case of the two examples
described in the following paragraphs.

The first regards a study on the simulation of surgi-
cal intervention done by Buskirk et al. (2005). In their
work, they describe a project aimed at collecting and
comparing standard body contouring data from 3-D
scanners and from manual anthropometric measure-
ments. Additionally, forecasted models of prospective
body contouring procedures were mathematically
implemented for the purpose of generating 3-D views
of multiple predictive outcomes of surgical interven-
tions. The special case of breast implant surgery was
considered.

The scanning system employed for the study,
Novaptus Systems Scanner Suite (Novaptus 2008),
is based on structured light pattern projection and
is able to rapidly produce a three-dimensional sur-
face model of the entire body of a patient. From the
scan data, the system extracts automatically relevant
measures, such as suprasternal-notch-to-nipple and
nipple-to-nipple linear lengths and bust, contoured-
bust, under-bust, waist, hip, abdomen, thigh and knee
circumferences. These findings were compared to
manual anthropometric measurements taken on more
than 70 patients. In this way, it could be demonstrated
that digital scanning was as accurate as classical
anthropometric measurement techniques.

Figure 31.6.
page 516)

>
&>

Figure31.7.

InSpeck Breast and Facial Digitizer BFD 1300 and measurement software EM-Measurement. (see colour plate

PRIMOS body Il—portable 3D face and body scanner, 3-D scan dataand comparison (colours code the difference

ranges), 2-D cross sections showing difference between pre- and post-operative 3-D scan data. (see colour plate page 517)
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Figure 31.8. Top: placing the virtual breast implants on the
pre-operative scan and the resulting forecasted 3-D model.
Bottom: comparison of breast augmentation pre-operative
subject's 3-D scan image, forecasted 3-D model and seven
month post-operative subject scan.

Virtual predictive modelling, to forecast post-
operative results, was also performed during the study.
In this case, the scanner was employed in conjunction
with a predictive software tool, Novaptus Virtual Sur-
gery Suite (Novaptus 2008), allowing the surgeon to
volumetrically manipulate the subject’s pre-operative
contour to virtually model it into the desired shape
(see Fig. 31.8). Real surgical interventions such as
breast augmentation, breast reduction and abdomi-
noplasty, performed during the study, demonstrated
that both pre- and post-operative measurements were
concordant with the simulated results.

In the cases where a patient has lost part of their
faces (as eyes, ears or nose), plastic surgery com-
monly uses the method of generating an artificial
replacement (called “epithesis™) for the missing part.
3-D scanning technologies can be very useful in these
situations.

A project at the Institute of Production Engineer-
ing of the Technical University of Dresden aims at
the use of face scanning and rapid prototyping tech-
nologies for the design and production of epitheses
(Stelzer et al. 2006).

A face scanner based on white light projection,
gscan of IVB-Jena (2008), is used to measure three-
dimensionally the face of patients. Modelling soft-
ware is then employed to virtually design and model
in 3-D the replacement of the missing part. In the
cases where the missing parts are still present on the
face of the patient as mirrored parts (as eye or ear),
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Figure 31.9. Human face scanner gscan (left), 3-D point
cloud of patient with missing eye (centre), digital design of
the missing part (right).

the missing part can be modelled by mirroring the
existing part. In the case of a missing nose, the artifi-
cial replacement can be chosen from an extensive 3-D
database of virtual noses and visualized in 3-D over
the digitized face. The accurate 3-D modelling of the
artificial replacement is completely performed in a
virtual environment using commercial modelling soft-
ware. The obtained CAD model is then converted into
a physical model with rapid prototyping techniques.
The model is first generated on 3-D printers in a poly-
mer material and then used as master for the produc-
tion of the final epithesis from silicone. Figure 31.9
shows an example of 3-D scan data and the modelled
epithesis (to protect the privacy of the patient, a 3-D
point cloud of the face is shown; in the real situations
fully textured surface models are visualized).

31.3.2.2 Orthopaedics, prosthetics

The peculiarity of orthopaedics and prosthetics is that
measurements of the interested body part are always
required. In a large proportion of the cases, in order
to build best fit ortheses and/or prostheses, negatives
of the human body part are required; these are usually
obtained by casting. For these reasons, 3-D scanning
technologies have the best presuppositions to become
replacements of classical methods. In the next para-
graphs, two typical cases are described where optical



3-D measurement techniques are already successfully
employed instead of classic measurement methods
(negative of the human body part by casting).

A good example of how 3-D surface scanning can
be successfully employed in the field of prosthetics is
well described by the work of Bonacini et al. (2007)
and regards the design process of lower limb prosthe-
ses. An important aspect concerns the reconstruction
of the 3-D digital model of the stump, which replaces
a plaster cast. The work of Bonacini et al. (2007) goes
even further by combining optical 3-D measurement
techniques for the external surface of the limb and
computer tomography (CT) and magnetic resonance
imaging (MRI) for the inner structure (bone structure,
muscle tissue, soft tissue and dermis). With the inte-
gration of external surface and internal components,
it is possible to obtain a complete digital model of
the residual limb, which permits the simulation of the
behaviour and interaction of a designed socket with
the stump.

For the acquisition of the external surface of the
stump, a laser scanner, Minolta Vivid 9i, was used.
This system is normally employed for industrial
applications and it is not particularly suited for the
measurement of human body parts. Nevertheless, it
was suitable for the preliminary studies of the project.
The principal problems occurring during acquisition
were caused by noise generated by downy skin on the
stump, and by uncontrolled muscular contractions.

The first problem could be solved with a preparation
of the skin of the stump whereas for the second prob-
lem a more suitable measurement system should be
adopted.

After the acquisition of the inner structure of the
stump by CT and MRI and after alignment of the
different datasets, a complete 3-D digital integrated
stump was obtained using commercial modelling
software. In order to guarantee an alignment of the
data acquired by the three different technologies,
fixed markers were placed on the stump (lead shots
for laser and CT, vitamin E for MRI). Figure 31.10
shows the 3-D surface model, the inner bones struc-
ture and the obtained combined result.

The obtained 3-D model of the stump can then be
used for the design and production of a customized
socket in a CAD/CAM environment.

A proof of the utility of the described process is
given by the presence in the market of commercial
CAD/CAM solutions especially dedicated to the
design of lower limb sockets, based on 3-D scan mod-
els of the stump.

An example is shown in Figure 31.11, the CAN-
FIT-PLUS P&O System from the Canadian company
Vorum Research Corporation (2008). In this specific
case, a hand-help laser scanner is employed for the 3-D
acquisition of the external surface. Dedicated software
tools are then employed for the accurate modelling of
prostheses on the base of the scanned data.

Figure 31.10.

From left to right: stump image (note the signalized landmarks on the top), 3-D laser scanning model, CT

skin-bone model, integrated laser/bone model (right). (see colour plate page 517)

Figure 31.11.
CAM solution. (see colour plate page 517)
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Lower limb socket design system CANFIT PLUS P&O: hand-held laser scanner and snapshots of the CAD/



Figure 31.12.
acquired 3-D data and designed 3-D sole.

3-D scanning system of pedcad (2008),

The second example of application of 3-D scan-
ning technologies in the orthopaedic field regards
the design and production of customized orthopaedic
soles. The classical method consists also in this case
of first getting an imprint of the foot (i.e. a negative
of the foot plantar) and then building the shoe sole
according to it. The advantages of using modern 3-D
scanning technologies to acquire the shape of the foot
are manifold compared to the classic foot imprint
method. The design of customized shoe soles can in
fact be completely performed in CAD/CAM solu-
tions starting from 3-D scan data of the plantar of the
feet of a person.

Various commercial systems have been developed
especially for this purpose. Inexpensive scanning
solutions are available, as the measurement task is
relatively simple. For these reasons, this application
became commercially more interesting.

Figure 31.12 shows an example of a complete
solution from the German manufacturer pedcad
Orthopaedieprodukte (2008). The scanning system
is based on the structured light projection method
and acquires the shape of the plantar of the foot in
a very short time. The integrated software solution
allows for the analysis of the scan data and for the
complete design process of customized orthopaedic
shoe soles in a CAD/CAM environment. The gener-
ated data can be sent directly to milling machines
for the production. Also in this case, the integration
of 3-D scanning systems with CAD/CAM solutions
serves for a smoother and simplified design and
production.
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31.3.2.3 Orthodontics, dentistry
In dentistry and orthodontics, the advantages of
employing optical 3-D digitizing techniques can
be as straightforward as for orthopaedics and pros-
thetics. In fact, already available for many years are
CAD/CAM solutions for the 3-D scanning of dental
cast impressions for archiving and for a simplified
design of orthodontical restoration, as well as dedi-
cated intra-oral 3-D scanners for a direct 3-D meas-
urement of teeth without the need for taking dental
impressions. Clinical studies and basic reviews were
published assessing positively the employment of
CAD/CAM technologies both in dental restoration
laboratories (Williams et al. 2006), as well as in den-
tal practices (Christensen 2006). Moreover, manu-
facturers of CAD/CAM dental solutions constantly
improve their products in order to increase the accept-
ance from potential users (i.e. dentists and dental
laboratories) and in order to increase the penetration
in the specific market. However, dentists” acceptance
of 3-D technologies and CAD/CAM solutions still
varies from excellent to poor. The cost of the invest-
ments involved and the technical know-how required
to operate the systems are the significant deterrents.
Dentists have to examine various factors in order to
determine if the purchase of CAD/CAM technology
is financially and clinically advantageous for their
practice (Trost et al. 2006). Nevertheless, CAD/CAM
dental solutions have been a reality for several years
and are successfully exploited by thousands of dental
laboratories and dental practices (Christensen 2006).
A typical example of solutions for modern design
and production of dental restorations starting from 3-D
scans of dental cast impressions is the given by the
products of the company LaserDenta (Blumenschein
2006), which cover all the process steps: 3-D scan-
ning, 3-D processing, 3-D visualization, 3-D virtual
planning of restorations (see Fig. 31.13). For this pur-
pose, a desktop laser scanning solution was especially
designed and developed to automatically scan dental
impressions with complete automation and with high
precision (absolute accuracy of 0.02 mm, value given
by the manufacturer). The scanning system employs
a 5-axis (2 rotations and 3 translations) moving plat-
form in combination with a laser profiler in order to
scan entirely a dental cast impression. A complete jaw
dental cast impression can be scanned fully automati-
cally in about 5-8 minutes. The scanning equipment
(scanner and control software) is designed to be eas-
ily used by non experts, so that the scanning process
can be performed by unqualified (inexpensive) staff.
The data resulting from the scanning process will
then be used by the dentist and/or dental laboratories
to directly plan and design dental restorations (e.g.
bridges, ceramic inlays, crowns, etc.) in a virtual
environment. The virtually designed components of a
restoration can then be produced in a fast and accurate



Figure 31.13. Dental solution of LaserDenta (Blumenschein 2006): desktop dental cast laser scanner (left), snapshot of the
scanning control software (centre), virtual planning of a complex dental restoration (right). (see colour plate page 517)
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Figure 31.14. The intra-oral scanner E4D Dentist of D4D Technologies (2008): the hand held miniaturized scanner (left), sur-
face scanning by multiple lines projection (centre), real-time scanning control visualization (right). (see colour plate page 518)

way by modern rapid prototyping technologies: metal
and ceramic parts can be produced automatically by
CAM solutions starting from CAD data.

The employment of 3-D scanning technologies and
modern CAD/CAM solutions in the dental domain can
increase the efficiency and at the same time reduce
the costs of the design and production of the different
parts (in ceramic and/or metal) required by a dental
restoration. For this reason, these technologies have a
great potential for expansion in the dental domain.

A step further to simplify the entire process for
the design and production of dental restorations is
given by the intra-oral scanners. Various companies
offer solutions for a direct scanning of teeth inside
the oral cavity, i.e. without the need to first take an
impression of the teeth and after to digitize it with a
desktop scanner (as described above). Figure 31.14
shows an example of such a device from the company
D4D Technologies (2008). The hand-held 3-D scan-
ning system is so miniaturized that it can be placed
inside the mouth of a patient to accurately record the
3-D shape of the teeth.

The main advantage resulting from the use of
intra-oral scanners is the immediate generation
of a 3-D surface model of teeth, thus allowing an
immediate and direct design and planning of dental

restorations in a virtual environment. In some simple
cases (e.g. ceramic inlays), the entire procedure can
be performed during the same session, i.e. without the
need of have the patient leave. In fact, 3-D intra-oral
scanning systems are usually accompanied by virtual
restoration planning software, as well as with small
milling machines for the production of ceramic parts
directly from the generated 3-D data.

31.3.2.4 Forensic medicine

Documentation of morphological findings on and
in the living and deceased is essential in forensic
medicine. Nowadays, most of the documentation of
forensic relevant medical findings is limited mainly
to traditional 2-D photography, 2-D radiographs,
sketches and verbal descriptions. More and more
forensic institutes begin however to employ modern
3-D acquisition techniques, such as photogrammetry,
laser scanning and surface scanning for the docu-
mentation and analysis processes. Among them, the
Institute of Forensic Medicine at the University of
Bern (Switzerland) represents a pioneer. Within the
research project Virtopsy (Naether et al. 2007, Thali
et al. 2005), 3-D optical surface digitizing and cross-
sectional radiological modalities were introduced for
documentation and reconstruction of the internal and
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Figure 31.15.

Left: Computer tomograph Siemens Emo-
tion 6 and 3-D surface scanner GOM ATOS Il (arrow).
Right: different markers used for the measurement with
GOM TRITORP. (see colour plate page 518)

external body morphology of living or deceased per-
sons, as well as of objects involved in the case (e.g.
vehicles, weapons).

For the digitizing of the external body morphol-
ogy, the forensic institute is using the structured light
based surface scanning system ATOS I11 and the pho-
togrammetric measurement system TRITOP, both of
GOM (2008). The combined TRITOP/ATOS Il sys-
tem has the advantage that it can be used for surface
documentation ranging from fine detailed structures,
as skin lesion or fine instrument structures, to over-
view documentation, as whole body or entire vehi-
cles. Additionally, the obtained 3-D models are fully
coloured. Such a complete and detailed documenta-
tion could not previously be efficiently performed, in
terms of time and quality, using classical approaches.
Moreover, with the precise 3-D measurement of mark-
ers placed on the corpse, 3-D data acquired optically
can be aligned and merged with the internal body
morphology digitally documented using medical
imaging systems such as multi-slice computed tom-
ography (MSCT) and magnetic resonance imaging
(MRI). Figure 31.15 shows the employed computer
tomograph and the optical acquisition system.
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Figure 31.16. Top: 3-D model of involved vehicle and 3-D
model of the injured pedestrian. Bottom: 3-D models of the
injured corpse and the injury-causing instrument, the broken
mirror of the car.

The integration of the radiological data and the 3-D
body surface data allow for a complete and detailed
analysis of injuries. Figure 31.16 shows for example
the 3-D surface model of the whole body of an injured
pedestrian and the 3-D model of the involved vehicle.
The 3-D human body model is completed with the
internal body structure (bones, muscles, soft tissues,
etc.) and the comprehensive injured damages. Both
the 3-D surface model of the vehicle and the 3-D
complete model of the corpse are very useful to deter-
mine the causes of the injury. In fact, the documented
geometric findings (on and in the body, and involved
objects) can be animated step by step or even by
movie clips. Using data merging methods and anima-
tion, it is possible to answer reconstructive questions
of the dynamic development of patterned injuries (i.e.
morphologic imprints). In Figure 31.16, for example,
the results achieved by the analysis of the case can be
seen: the broken mirror of the involved vehicle was
the cause of the fatal injury.

This example serves to illustrate how modern
technologies of three-dimensional documentation
can open new possibilities for forensic reconstruction
by bringing added values and real quality improve-
ments into forensic science. Moreover, they enable



real data based 3-D reconstructions at any time, with-
out the need for storage of the bodies, vehicles and
instruments. By bringing the body into a virtual 3-D
accident or crime scene, further information about
the course of events can be delivered than in the con-
ventional way. This is path-breaking for accident and
crime scene analyses in the future.

31.3.2.5 Dermatology, cosmetics

Dermatology and cosmetics represent medical fields
where optical 3-D measurement techniques can be
successfully employed. For this reason, manufac-
turers of 3-D scanning equipment have developed
products especially dedicated to the 3-D measure-
ment of the human skin, as for example the hand-
held 3-D skin scanner PRIMOS compact portable
of GFMesstechnik GmbH (Benderoth 2005). This
optical measuring system, shown in Figure 31.17,
is based on digital fringe projection technology and
is designed to measure with extremely high resolu-
tion (about 60 microns in the plane and 6 microns
in the vertical direction) in order to acquire the
fine structures of the human skin. The main fields
of application of such devices are, in fact, the 3-D
measurement of wounds, scars, wrinkles, melanoma,
naevi, birthmarks, etc. By means of analysis soft-
ware, the received skin profile can then be evaluated
in terms of all parameters of interest such as rough-
ness, volumes of wrinkles or scars or, respectively,
their geometrical dimensions.

An interesting application of 3-D skin measure-
ment in dermatology is presented by the work of
Smalls (2005). In this case, cooperation between pri-
vate companies and medical universities has resulted
in the implementation of a laser surface scanning
system of Cyberware (2008) along with analysis

Figure 31.17. 3-D data acquisition by PRIMOS compact
portable and 3-D data examples: wrinkle around the eye and
wound measurements.
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Figure 31.18. Top: the 3-D laser scanning system. Bottom:
3-D scan images arranged with increasing cellulite severity
grades.

software in order to quantify gynoid lipodystrophy,
more commonly known as cellulite. Cellulite affects
85% of post-adolescent women and is for this rea-
son of chief interest to the pharmaceutical and cos-
metic industry. The distinctive surface morphology is
believed to result when subcutaneous adipose tissue
protrudes into the lower reticular dermis, thereby cre-
ating irregularities at the surface.

The three-dimensional laser scanning system was
employed in order to objectively characterize and
quantify the three-dimensional features of the skin
surface for this specific work. The scanner was used
to capture surface data of cellulite-affected thigh sites
in women with varying degrees of cellulite, as well as
subjects exhibiting non cellulite. Three-dimensional
skin surface data were captured by using a custom-
ized laser scanning solution of Cyberware (2008): a
laser scanning head situated on a linear platform, with
user defined platform speed and scanner resolution.
The outer aspects of both thighs were scanned while
subjects were seated on a level surface, with knees
bent at a 90° angle, as shown in Figure 31.18.

The acquired surface data were analysed to quan-
tify the skin surface morphology and to determine
specific roughness values. Customized software
solutions were employed to firstly remove features
not associated with cellulite, including thigh curva-
ture, noise, hair, varicose veins. The edited 3-D data
were finally processed in order to calculate the sur-
face roughness parameters for the region of interest.
A comparison of the roughness parameters extracted
from the 3-D scan data, with the grades (on a scale
from 0 to 9) established by an expert by visual analy-
sis, proved the correctness of the method.
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In Figure 31.18, on the bottom are shSown details
of the acquired 3-D surface of the thighs skin arranged
by increasing grade of cellulite.

31.4 FINAL REMARKS AND CONCLUSIONS

This study of the applications of image measurement
for purposes involving human beings shows that
they are not restricted to simple static measurement
of body parts. In fact, the more common usage and
the more exciting applications involve the relatively
complex challenges caused by movement, whether
for studies of the human body in motion or in the
exciting area of surgical navigation. It can also be dis-
cerned from this review of medical measurement that
among the various application areas there is a range
of levels of acceptance of the use of spatial data from
image measurement. It is more noticeable that many
commercial organisations are involved in developing
and marketing imaging systems, which have medical
or other related human applications.

Overall, medical measurement is not a field that is
solely the field of study of conventional measurement
specialists as it is a field that involves a variety of
scientists and engineers who presumably wish to con-
tribute to bettering the lives of people. For the future,
the surgical field in particular would seem to offer
opportunities for further development, as it is clearly
work that has not reached its ultimate objective.
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