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Abstract: The main objective of the work presented in this chapter is to identify 
the working scheme of the brace’s structure, subsequently enabling identification 
of the possibilities of potential brace design optimization. This chapter presents 
the results of numerical simulations concerning a Boston-type orthopedic brace 
with the use of the finite element method (FEM) in the Ansys Workbench envi-
ronment. Reverse engineering methodology was employed to develop the geomet-
ric model, based on the results of digitization performed by an optical 3D scanner. 
To experimentally verify the FEM model, a test stand for measurement of the brace’s 
field of displacements, equipped with a laser electronic speckle pattern interferome-
ter (ESPI), was used. Special attention was paid to representing the loads and bound-
ary conditions of numerical simulations in experimental tests. Ultimately, the rel-
ative difference between numerical and experimental results in displacements 
in the central part of the brace’s front wall did not exceed 0.9%. The force flow tra-
jectories characteristic of the brace’s shell were determined using the experimen-
tally confirmed FEM model, revealing the overall way of its operation. The main 
areas of the brace carrying loads correcting the spine and sites performing little 
effort, from the perspective of their participation in the brace’s fundamental ther-
apeutic application, were identified. The conducted analysis is universal in nature 
and can be adapted to other types of orthopedic braces. The results obtained allow 
for the proposal of methods for mechanical optimization of the brace’s design.
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2.1. Introduction
Scoliosis is a severe, three-dimensional deformity of the spine [1]. Non-surgical treat-
ment of scoliosis is based on bracing [2]. A brace is a tailor-made thoracic orthosis. 
It is typically relatively heavy and stiff. For treatment to yield results, the brace must 
be worn by the patient for over 23h per day, practically from diagnosis until the end 
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of puberty [3]. The corrective action of a brace that is easiest to implement involves 
applying forces at the apex of the spinal curve and at two support sites on the oppo-
site side. This is referred to as the three-point pressure system [4]. Designs that are 
more advanced, the Cheneau brace, for example, involve applying a system of multi-
ple three-point corrective systems onto a 3D space [5].

Currently, computerized tools are used more and more frequently to design 
braces. Here, one can distinguish two main approaches. The first approach, as applied 
in the design of CtrlBrace (CAD/CAM), for example, is based on measuring the patient’s 
torso without posture correction and then modeling the geometry of the corrective 
brace in a CAD/CAM operation; this process is performed by a professional orthot-
ics designer [2, 6–8]. The second approach involves using a finite-element torso 
model (FEM) for the purposes of designing the brace’s geometry [9–12], as in the case 
of NewBrace. For this purpose, computed tomography (CT) or magnetic resonance 
(MR) medical imaging results are used, perhaps including a 3D scan of the torso, 
and they are then used to develop a model of the body that represents the real-life mus-
culoskeletal structure. After correction by the computer-modeled 3D field of forces, 
the geometric image of the torso’s FEM model is used as the model for brace shell 
geometry. On account of the difficult problem of contact and complex anatomical 
structures in the human torso, it is impossible to represent FEM-modeled fields of cor-
rective forces on the torso faithfully in practice. In the works of [13, 14], the authors 
compare the efficacy of braces designed according to the above-described approaches. 
They stress that every individual approach has its upsides and downsides, and inte-
grating them may result in enhanced bracing efficacy. The designed braces’ efficacy 
of action can be verified in practice, e.g. by X-ray or CT imaging of the brace while 
it is worn by the patient. 

It can be observed that present advancements in the field of rigid braces pertain 
to a better grasp of their corrective functions [4], which are described by, among 
others, the requisite three-dimensional field of forces applied to the torso and, 
to a lesser degree, by the mechanical properties of braces indispensable for the per-
formance of corrective functions. The literature provides examples of FEM applica-
tions for describing individual braces as options on top of FEM modeling of the torso 
[15], but these brace models are simplified and do not sufficiently represent the actual 
brace’s geometry. Reference [16] presents a more accurate model, but here FEM analy-
sis results only concern the narrow problem of topological design optimization, lack-
ing an in-depth analysis of the stress and strain distribution in the brace’s structure.

Computer modeling of the orthosis’s mechanical structure appears to be difficult 
owing to the character of this construction. This type of orthosis is a thin-walled shell 
with an open cross-section, under the influence of a 3D distribution of loads. The liter-
ature dedicates attention to the relationship between the brace material’s mechanical 
properties and the loads exerted by the orthosis [1]. Stiffer braces exert corrective forces 
more effectively, whereas the more flexible ones are more comfortable in everyday 
use. The literature concerning determination of corrective force distributions is exten-
sive [3, 6, 7], but it provides little information about the brace structure’s mechanical 
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properties which are responsible for these forces [17, 18]. Literature analysis reveals 
that critical factors in the efficacy of the brace’s action are proper values and direc-
tions of the corrective forces it exerts. Thus, it would appear that the conditions that 
the mechanical construction of a brace must fulfill for the purposes of implementing 
the required field of forces are equally important.

It could be hypothesized that the appropriate approach to analyzing mechanical 
features of current brace designs is to formulate a credible numerical model of a real-
life orthosis, whose efficacy has already been confirmed in orthopedic practice. 
In-depth modeling results of such structures are absent in the literature. The numer-
ical simulations and experimental tests presented in this work are aimed towards devel-
oping a Boston brace FEM model that would be reliable and experimentally verified. 
In-depth analysis of the model will serve to identify the working scheme of the brace’s 
structure, subsequently enabling identification of the possibilities of potential brace 
design optimization. To clarify the methodology of the work a flow chart of the con-
ducted scientific research is presented in Fig. 2.1. 

FIGURE 2.1. Flow chart of the conducted scientific research

2.2. Materials and methods
2.2.1. Research object – Boston brace
The Boston brace system has the purpose of enabling non-surgical scoliosis treatment 
through prevention of scoliosis progression in juvenile and adolescent patients [19]. 
Treatment with a brace is initiated in cases where scoliosis progression is highly proba-
ble. In adolescent idiopathic scoliosis, the patient starts wearing a brace when the curva-
ture of the spine is over 20o according to the Cobb scale. Curves with an apex in the T-6 
to L-3 segment are typically treated effectively using Boston braces. Such an orthosis 
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cannot usually treat curves with apexes outside these limits effectively [20]. Fig. 2.2 
shows an example of a Boston brace and a diagram of the above-described scoliosis.

FIGURE 2.2. Boston brace – illustration of left thoracic-lumbar arch with simplified correction 
scheme (front view). Forces exerted by the brace: F1 and F2 – forces acting on the thorax,  
F3 – force applied to the pelvis

Boston braces are used for lumbar and sacrolumbar scoliosis as well as for tho-
racic-lumbar scoliosis. Because of this, the upper part of a Boston brace cannot be rigid 
and may only be supported on the patient’s armpit in order to prevent the orthosis from 
shifting. Braces of this type are produced by tailoring ready-made plastic shapes appro-
priately to the patient’s personal dimensions. After that, more precise adjustments are 
made to the patients requirements using pads fastened on the interior of the orthosis.

2.2.2. Stand for experimental verification of FEM results
The stand presented in Fig. 2.3 was created for experimental testing of orthopedic braces. 
The stand consists of: optical bench 3, brace fastening device 7 and pressure sensor 
8, system for applying additional load 9 in the form of a tension member drawn over 
a rotary pulley with a 10 g weight, DPSS laser 1 emitting a beam with 50 mW power 
and wavelength λ=532 nm, optical set 2, digital camera 4, beam splitter 5 and computer 
with software 10. Altogether, components: 1, 2, 4 and 5 make up the ESPI interferometer 
(described more precisely in paper [21]). The brace fastening instrument 7 makes it pos-
sible to apply preliminary load, stabilizing the brace, from the brace’s interior, and this 
load is measured by the pressure sensor 8, whose mandrel is at point A (Fig. 2.5b) 
on the interior of the orthosis. Preliminary force A, with a value of 35.85 N (Fig. 2.5b) 
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is applied by a support positioned inside the brace, by tensioning of the brace’s straps. 
The value of force A falls within the range of real-life forces occurring in braces [22]. 
Brace displacements induced by the initial force exceed the interferometer’s measur-
ing range and are not measured. Next, an additional force E of 0.1 N (Fig. 2.5b), induc-
ing brace displacements within the measuring range of the interferometer, is applied 
close to where the preliminary force was applied and implemented by means of system 
9 comprising a tension member, a 10 g weight and a pulley. Displacements of the brace 
as a result of loading with the additional force are logged and processed by computer 
with software 10. The test stand simplifies the number and directions of forces acting 
on the brace in order to reflect real-life boundary conditions in the numerical model 
as accurately as possible. The application of the ESPI interferometer makes it possible 
to determine the values of “out of plane” displacements for every point of the brace’s 
surface in the field of view of the interferometer’s camera (formula 2.1): 

	 �z n� �


2
,	 (2.1)

where: Δz – displacement value in nm, n – order of a correlation fringe, λ – emitted 
light’s wavelength (532 nm in this example).

FIGURE 2.3. Brace test stand: 1 – laser, 2 – optical elements/optical set (beam splitter, lenses, 
polarizers), 3 – bench, 4 – digital camera (CMOS), 5 – beam splitter with matte element, 
6 – tested object, 7 – holder for brace fastening and tightening, 8 – pressure sensor, 9 – addi-
tional load application system, 10 – computer with software
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The test result is the increase in displacements after the application of the additional 
force. The obtained experimental results from the basis for verification of whether 
numerical simulations were correct. 

The brace was tightened with a force of 35.85 N, which was measured by pres-
sure sensor 8, whose head was located on the inside of the brace at point A (Fig. 2.5b). 
Gravity also acts on the brace that has been immobilized in this manner. In numer-
ical simulations, an additional force of 0.1 N was applied at the site correspond-
ing to point E after the brace was stabilized (Fig. 2.5b). The results of the tests were 
determined by the increase in displacements after the additional force was applied. 
The results of the experimental measurements serve as the foundation for ensuring 
that the numerical simulations are correct [23].

2.2.3. Brace Geometric Model
Reverse engineering techniques (3D scanning) were used to create a 3D geometric 
computer model of the brace, based on the existing Boston brace presented in Fig. 2.2. 
The orthosis underwent preparatory treatments for proper scanning (Fig. 2.4a). 
For the purposes of 3D measurement, the brace was stiffened using adjustable buckles 
at the level of tightening straps 1. Matting material 2 was placed on the brace’s surface, 
and reference points 3 enabling a 3D correlation of subsequent 3D scans were glued 
on. The point cloud was created using an Atos Core 200 optical scanner (GOM GmbH, 
measurement accuracy of 0.03 mm, positioning repeatability ±0.05 mm, optical system 
with two CCD 5 Mpx cameras). A mesh of STL triangles defined as a binary represen-
tation consisting of 2,753,159 elements was obtained from the point cloud following 
initial, rough processing. For this purpose, 35 exposures were performed with 28 mark-
ers. Geomagic Wrap (3D Systems) point cloud processing computer software was used 
to remove fastening buckles from the model, repair artifacts, and fill in losses. The mesh, 
modified in this fashion, was used to create a representation of the brace’s exterior sur-
face. The next step involved creating a shell with a thickness of 4.0 mm, based on this 
surface, corresponding to the brace structure described by NURBS splines. The model 
representing the actual brace was created through such processing of the point cloud 
(Fig. 2.4b). An interior pad and a corrective ring made of soft material were addition-
ally modeled at the height of the apex of the spinal curve. The brace computer model 
was imported for FEM numerical simulation into the ANSYS Workbench environ-
ment, in which numerical analyses were then performed. 
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FIGURE 2.4 Reverse engineering – the process of turning a real object into a computer model 
of an orthopedic brace: a) the brace that is ready to be scanned: 1 – stiffening the brace by fas-
tening, 2 – the orthosis’ matted exterior layer, 3 – markers of reference, b) the orthosis as a CAD 
computer model

2.2.4. FEM Model
The exterior body’s material was polypropylene (E = 1000 MPa, v = 0.3) [16, 17], 
and the middle layer was modeled using soft foam (E = 100 MPa, v = 0.45) [17]. 
The FEM model was generated using the 10-node tetrahedral element (SOLID187). 
For detailed determination of principal stress vector value and direction distributions, 
which were determined separately after the problem was solved for each element indi-
vidually, a relatively fine mesh of tetrahedral finite elements was generated (Fig. 2.5a). 
Tetrahedron shapes seem to be rather regular, in spite of the brace’s complex geom-
etry. At critical sites where the geometry was more complex, the mesh was made 
denser, and this was done to improve the accuracy of stress calculation in the case 
of loading at these sites. Discretization was conducted up to the point where further 
node mesh concentration did not alter the obtained von Mises stresses by more than 
3%. After mesh concentration, there were 156,926 nodes and 91,649 finite elements 
with a maximum edge length of 7.5 mm (Fig. 2.5a).
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FIGURE 2.5. Numerical brace model: a) tetrahedral finite element mesh generated, b) boundary 
conditions on the imported geometric model (NURBS): A – preliminary force applied to ortho-
sis, B and C – fixed supports, E – additional force applied after the brace has been pre-loaded, 
D – gravitational force

After the finite element mesh was generated and the brace model’s parameters 
were defined, boundary conditions feasible for representation in experimental tests 
were introduced (Fig. 2.5b). Two immobile supports, defined as very small surfaces B 
and C, were immobilized in space. Preliminary loading of the brace was implemented 
by applying force A, with a value of 35.85 N. The value of force A falls in the range 
of real-life forces acting on braces [22]. Preliminary loading was required to stabi-
lize the position of the brace on the experimental test stand, described in section 
2.2.2. While the brace is immobilized in this manner, the force of gravity D also acts 
on it, although it does not seem to play a large role. The displacement field was com-
puted for the loads and supports defined in this way. Following the first stage of cal-
culations, as described above, an additional force E, with a value of 0.1 N – as per 
the experiment’s conditions – was applied to the brace in the same direction as force A. 
Simulations ultimately yielded a result obtained by computing the difference in dis-
placements of the shell before and after the input of force E. Because the interferom-
eter measures displacements on the axis running lengthwise along the camera lens, 
displacement calculation results with respect to this direction are presented. The dis-
tribution of displacements on the Z axis was obtained as the result, and then experi-
mentally verified on the test stand. 
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2.3. Results
2.3.1. Model verification tests
The brace’s displacement distribution, computed with the use of the FEM numerical 
analysis, is shown in Fig. 2.6a, and the distribution measured with the use of the ESPI 
is shown in Fig. 2.6b. Displacement values in the experimental tests were determined 
according to formula (2.1) by means of the correlation fringe distribution with orders 
of interference from 0 to 6 (Fig. 2.6b). The maximum displacement on the Z axis 
in the numerical simulations was 1.612 µm, and in experimental measurements 
1.596 µm. A detailed comparison of displacements in areas is shown in Fig. 2.6c and 2.6d.

FIGURE 2.6. Displacement distribution results in the Z direction: a) displacement distribution 
yielded by FEM numerical analysis, b) displacement distribution yielded by ESPI measurements: 
n = 0, 1,..., 6 are the numbers of successive interference orders (C – artifact caused by an overly 
intense laser beam reflex), c) deformation in the transverse plane A-A, d) deformation in the sag-
ittal plane B-B
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2.3.2. Tests using verified numerical model
Tests of the brace were carried out under 28 N load, applied at point A (Fig. 2.5b) con-
sistently with typical corrective loading, using the numerical model, verified accord-
ing to the method described above [22]. The distribution of von Mises stresses shown 
in Fig. 2.7 was obtained. Besides sites relatively small in area, where the loading force 
and supports were applied, the value of stresses in the brace was less than 4.4 MPa 
(Fig. 2.7), falling in the linear range of polypropylene’s stress-strain curve [24], which 
confirms prior assumptions concerning the brace model.

FIGURE 2.7. Brace view with von Mises stress values: a) external view of the front, b) front view 
from the inside

It is difficult to figure out how the brace works just by based on Fig. 2.7. To pre-
sent the method of load carrying by the brace’s mechanical structure more clearly, 
Fig. 2.8 shows the front view of the brace, presented in a manner enabling illustration 
of principal stress vectors on the interior and exterior side of the orthosis’s front wall.

Fig. 2.9 shows principal stress vectors only for tensile stresses σ1. Maximum 
principal stress σ1 trajectories are also plotted in this figure. Lines are consistent 
with the directions of stress vectors, beginning and terminating at loading sites. Stress 
trajectories had the form of splines with mild changes of direction, tangent to σ1 vectors. 
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FIGURE 2.8. Principal tensile stresses σ1 (red) and compressive stresses σ3 (blue) distribution 
in the area of front wall of the brace’s marked: a) area of the brace’s front wall, b) stress distri-
bution on the marked area’s exterior surface, c) stress distribution in a cross-section of the front 
wall – after “removal” of a portion of the front wall’s material, the layer closest to the interior 
surface is visible

FIGURE 2.9. Principal tensile stress vector distribution with principal stress trajectories
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2.4. Discussion
Model verification test results, shown in Fig. 2.6, reveal the distinct similarity of dis-
placement contour line distribution in the FEM image to the ESPI correlation fringe 
pattern. Comparing the obtained results of the numerical simulations with the exper-
imental results quantitatively, the relative difference of displacements in the brace’s 
central front wall, between both methods, is small – approximately 0.9%. Although 
only out of plane displacements of the brace were measured, the conclusion that this 
method of model verification is sufficient was borne out by their good compliance 
with the results of FEM calculations on the entire front surface, covering almost half 
of the brace. One may draw conclusions about stress and strain values associated 
with the displacement field by using linear-elastic relationships. Therefore, the pro-
posed method of describing brace geometry and mechanical parameter values applied 
to model materials, and above all, the mesh concentration and type of finite elements 
used for FEM analysis, can be deemed suitable for developing a model that would be 
highly consistent with the characteristics of the real-life object. Using the FEM model 
for further tests involving different loading variations and values and distributions 
similar to those in real life may serve as a foundation for drawing conclusions con-
cerning the work done by a real-life brace.

Applying the so-defined approach, the standard FEM analysis was performed, involv-
ing determination of von Mises stress distribution for loads with values on the same 
order of magnitude as typical corrective forces applied in the elementary three-point 
pressure system. The results shown in Fig. 2.7 show that the polypropylene shell’s thick-
ness provides the orthosis with the requisite strength properties. Von Mises stress val-
ues are significantly lower than the tolerable stress values for polypropylene. The brace 
sites at the greatest risk of damage, in a mechanical regard, and areas performing neg-
ligible work, can be identified. Even if similar three-point pressure systems were used, 
the irregular distribution of stress values in the brace’s body makes it difficult to gen-
eralize the results obtained across braces with different load values and geometries.

The distributions of principal stresses, as shown in Fig. 2.8 for various parts 
of the structure, may reveal more about the general nature of the brace’s work. The exte-
rior surface of the brace’s front wall is compressed, and the interior surface of this wall 
is under tension, as can be seen. Absolute stress values in the exterior layer are about 
half of the stress values in the interior layer. By comparing the signs and values of act-
ing stresses, one may conclude that the brace shell is subject to a complex state of bend-
ing and tension (Fig. 2.10). Other parts of the brace’s shell work similarly. Stresses are 
distributed throughout most of the brace’s shell in such a way that tensile stresses have 
a significantly greater value on the interior side than on the exterior, and this is due 
to the superposition of stresses stemming from two individually acting types of load. 

In areas where these stresses have relatively high values, distinct regularities can 
be seen influencing the shape of force flow lines based on determined vector fields 
of principal stresses and plotted trajectories of maximum principal stresses σ1 (Fig. 2.9). 
When summed up, the principal stress trajectories are arranged in a characteristic way, 
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connecting corrective loading sites along paths of relatively short length. This illus-
tration is consistent with the force flow lines concept, which is currently under devel-
opment in optimal design theory [25]. This concept is based on the observation that, 
when considering the given geometric boundaries of the object, the “flow” of forces 
through a mechanical structure between loading sites is most intense near topographic 
lines linking these points in space. Principal stress trajectories are one way of putting 
the concept of force flow lines into practice; however, there are other, competing ideas 
in the literature [26]. A brace can be described as a three-dimensional mechanical 
system that primarily carries loads over relatively short trajectories between correc-
tive loading sites, using this concept as a foundation. The area of the brace responsible 
for implementing the brace’s corrective function can be identified based on the 3D 
distribution of the trajectories depicted in Fig. 2.9. Other areas serve a supporting role, 
such as stabilizing the torso brace. In Fig. 2.11a, the area performing the corrective 
function is highlighted in dark color, while less-active areas of the brace’s structure 
and those performing a supporting function are highlighted in light color. The correc-
tion area’s position is comparable to that determined in the publication [16]. In com-
parison to the topological optimization approach based on elastic energy minimiza-
tion, it appears that the method of analyzing the structure’s work presented above can 
be understood more easily in the context of stress distribution analysis.

FIGURE 2.10. Stress distribution in the front wall of the brace in cross-section A-A (the interior 
side of the brace wall corresponds to the top side of the diagram): superposition of stresses 
caused by tension under force F and bending under moment M

Based on the above-mentioned results of the numerical model that has been exper-
imentally confirmed, one can identify methods of their practical application. Based 
on the test results, one may conclude that reducing the brace’s weight is possible with-
out changing its mechanical parameters significantly, particularly its stiffness at cor-
rective loading sites. Manufacturing the brace using a thinner material, with additional 
stiffening in the dark-colored area shown in Fig. 2.11a, responsible for carrying correc-
tive loads, may be the simplest solution. In this location, the brace can be strengthened 
by integrating composite overlays using a polymer matrix reinforced with carbon 
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or glass fibers, directed along the primary stress trajectories indicated in Fig. 2.11b. 
When comparing figures 2.8, 2.9, and 2.10, it is evident that overlays should be placed 
to the inside side of the brace’s front component, as the interior side is subjected to sub-
stantially more load than the exterior side in this location. Near corrective loading 
points, the converse is true: the outside side carries significantly more loads than 
the interior side, hence overlays should be put to the exterior as shown in Fig. 2.11c. 
In a similar way, overlay application locations in additional areas holding remedial 
loads can be found.

The discussion above shows that one can predict the trajectory of force f low 
lines, for the purpose of identifying areas for reinforcement, in the brace rather eas-
ily, in the case of a three-point system of forces. The Boston brace uses a corrective 
method based on the three-point pressure principle, involving fixation above, below, 
and on the apex of the curve [27]. The experimental test stand provides conditions 
close to actual, physiological loading. The experimental stand and numerical calcu-
lations should account for more complicated physiological loading systems in more 
complex circumstances; however, it appears that the presented technique may also be 
effective for optimizing brace design in these more complex cases. Another technique 
to put the results of the study into practice is to eliminate material, such as by drilling 
holes in sections of the brace that are not important for its correcting characteristics 
(light color area in Fig. 2.11a). 

The current trend in orthopedic brace research is to find a material that can replace 
polypropylene and be 3D printed using FDM (Fused Deposition Modeling) [28]. 
The findings are in line with this trend, as they could serve as the foundation 
for a method of fabricating a 3D printed structure with openwork geometry that cor-
responds to the distribution of primary stress paths while also meeting the structural 
stiffness requirements [16].

FIGURE 2.11. Boston brace: a) the area of the brace’s structure that is placing the biggest effort 
and performing a corrective function (dark color), and the remaining area, playing a supporting 
role (light color), b) stiffening by combining thin overlays of composite with a polymer matrix 
reinforced by glass or carbon fibers that are oriented along the principal stress trajectories, 
c) the positions of the brace overlays are shown in a cross-section; dashed lines indicate the ori-
entation of reinforcement fibers
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The findings of this study could act as a springboard for more research on stiffen-
ing and lowering the mass of the brace. The insights gained from the modeling, notably 
the distribution of principal stress directions and values, allow for the recommenda-
tion of optimal stiffening component positioning based on the determined principal 
stress directions. Simultaneously, the mass of the brace can be reduced by removing 
material from portions of the brace that are not under load.

2.5. Conclusions
The force flow lines illustrated by plotting primary stress trajectories based on stress 
distributions calculated in the brace’s structure proved to be useful to define the brace’s 
working scheme. In this approach, locations of the brace that were particularly impor-
tant in terms of corrective treatment were identified. Real-life measurement results 
confirmed the numerical results. It can be concluded that the force flow concept based 
on well-developed computer model calculations may serve as the foundation for refin-
ing the brace’s design and its optimization.
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