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Development of new techniques and appropriate equipment for treatment of long bone
fractures in bovines has been an objective of recent veterinary research. Accurate
estimates of body segment inertial parameters (BSIP) are essential for determination of
forces acting on limbs and play an important role in an appropriate prosthesis
development. The aim of the present study is to examine the mass distribution properties
and to suggest a geometric model of bovine right pelvic limb based on these mass
distribution properties. Four Holstein breed male calves were filmed by one high-speed
camera while walking on a force plate. The animals and two cadaveric specimens were
examined in axial computer tomography scanner and the images were exported in DICOM
(Digital Imaging and Communication in Medicine) format into a set of software and a
computational model was obtained. This model provided information for geometric model
construction. Measures of segmental mass, positions of segmental center of mass (CoM)
and longitudinal moment of inertia (MoI) of segments of the right pelvic limb were
estimated based on the proposed model. These estimates were compared with
measurements obtained from a computational model and showed consistent accuracy.
This study not only presents a technique that may be applied to other body segments and
to different species, but also provides insight into bovine musculoskeletal system
necessary to improve the models for dynamic analysis of movement and our
understanding of bovine gait.
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2. Abstract

Development of new techniques and appropriate equipment for treatment of long bone 
fractures in bovines has been an objective of recent veterinary research. Accurate estimates of 
body segment inertial parameters (BSIP) are essential for determination of forces acting on 
limbs and play an important role in an appropriate prosthesis development. The aim of the 
present study is to examine the mass distribution properties and to suggest a geometric model 
of bovine right pelvic limb based on these mass distribution properties. Four Holstein breed 
male calves were filmed by one high-speed camera while walking on a force plate. The animals 
and two cadaveric specimens were examined in axial computer tomography scanner and the 
images were exported in DICOM (Digital Imaging and Communication in Medicine) format into a
set of software and a computational model was obtained. This model provided information for 
geometric model construction. Measures of segmental mass, positions of segmental center of 
mass (CoM) and longitudinal moment of inertia (MoI) of segments of the right pelvic limb were 
estimated based on the proposed model. These estimates were compared with measurements 
obtained from a computational model and showed consistent accuracy. This study not only 
presents a technique that may be applied to other body segments and to different species, but 
also provides insight into bovine musculoskeletal system necessary to improve the models for 
dynamic analysis of movement and our understanding of  bovine gait.
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Abbreviations
L - lower leg segment length
CEUA – Ethical Comission on Use of the Animals
CoM - center of mass  
CT - computer tomography
EEFFTO – School of Physical Education, Physiotherapy and Occupational Therapy
FP – force plate
GRF – ground reaction force
hi – height of each elliptical solid
LL – lateral limb length
LM – medial limb length
M – whole body mass of the animal
MoI - moment of inertia
MoIzz – moment of inertia in relation to the longitudinal axis
ri – anteroposterior radii of elliptical solids 
rri – mediolateral radii of elliptical solids 
R² - percentage of variation of dependent variable explained by independent variable
r - Pearson’s linear correlation coefficient 
Se - standard error of estimate
SEE - standard error of estimate
SD – standard deviation
BSIP – body segment inertial properties
SQresidual - residual mean square 
UFMG – Federal University of Minas Gerais
Vsw - values obtained by geometric model
Vtc - values determined by tomographic model 
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3. Introduction

Long bone fractures (e.g. tibia, femur, humerus) caused by injuries are frequently observed in 
large domestic animals or humans (Adharapurapu et al. 2006). The treatment of such fractures 
is associated with significant difficulties and post-operative management and rehabilitation 
problems are common in large animals.

The large mass of such animal hinders immobilization of the affected limb, making its 
positioning difficult and preventing even small displacements. On the other hand, weight 
bearing on the contralateral limb or maintaining a decubitus position for prolonged periods may 
cause irreversible damage to the musculoskeletal system of the animal (McClure et al., 1998). 
Scarcity of suitable fracture fixation devices developed specifically for veterinary applications 
(Aithal et al., 2004) significantly increases treatment costs; therefore euthanasia is still a 
common choice.

However, with the development of reproduction and genetic selection techniques, this 
attitude has changed.  Presence of animals of high economic value in cattle herds has driven the 
search for new orthopaedic implant materials and devices suitable for bone fracture treatment 
in bovines (Lopes et al., 2008; Rodrigues et al., 2009, 2012). 

Knowledge of external forces (ground reaction force and gravitational forces) and internal 
forces (muscular and joint reaction forces) acting on the body segments is critical to the 
development of new surgical techniques and appropriate artefacts.

Measurement of ground reaction force (GRF) can be done by means of force plates (FP), 
whereas the gravitational forces acting on each segment may be calculated from BSIP. Direct 
measurement of internal forces is more difficult and normally requires the use of sophisticated 
equipment and invasive techniques (Martin et al., 1989; Amit et al., 2009; Modenese et al., 
2011). As a consequence, determination of these forces is more frequently done by indirect 
methods, employing kinematics of body segments and BSIP measurements (Peyer et al., 2015).

There are various models available in the literature for BSIP estimation in humans. Magnetic 
resonance and computer tomography (CT) images provide information on tissue density, 
allowing construction of reliable biomechanical models (Martin et al., 1989). 

Durkin and Dowling (2003) suggested development of elliptical models in accordance with 
mass distribution properties of body segments obtained by image analysis techniques. These 
models, which mimic the mass distribution properties, allow assume constant density without 
compromising results (Durkin and Dowling, 2006).

 Traditionally equine biomechanical models (Bogert et al., 1989; Buchner et al., 1997; 
Nauwelaerts et al., 2011) use BSIP acquired from cadaveric specimens; however, studies on 
bovine BSIP are scarce in literature and there is a need for a deeper investigation on the subject. 

Precision of biomechanical models of bovine bones is highly influenced by correct estimation 
of forces they are subjected to. There are few studies dedicated to investigation of bovine 
musculoskeletal system when subjected to different loading conditions (Rodrigues et al., 2009, 
2012).  
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Considering recent demands of veterinary orthopaedics related to treatment of long bone 
fractures in large domestic animals, the present study proposes a geometric model of bovine 
right pelvic limb based on the mass distribution properties of the segment. In additional, it 
describes a technique to calculate the center of mass (CoMzz) and moment of inertia (MoIzz) in 
relation to the longitudinal axis (Z) for each segment of bovine right pelvic limb.

4. Materials and Methods 

In the work of Durkin & Dowling (2006) the human lower leg was represented by three 
elliptical solids of radii rri, along the mediolateral axis (x) and ri, along the anteroposterior axis 
(y), heights (hi) defined as a percentage of the total measured lower leg segment length (L). P 
and D represent proximal and distal segment endpoints, respectively, Fig. 1.

Figure 1. Elliptical model of the human lower leg.
Source: Durkin e Dowling (2006).

A similar approach was adopted in this study. Fig. 2 shows the geometric model development 
stages. 

Figure 2. Flowchart of software and procedures related to model construction. The software’s name is shown in 
the white boxes and the respective software function in the light-gray boxes.

Animals and cadaveric specimens
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Four Holstein breed male animals with mean (±SD) weight of 67.3 ± 14.8kgf (interval of 49.0-
85.0kgf) were used in this study. All animals were examined by a veterinarian and were 
considered clinically healthy with no fracture history. The animals were 77.5 ± 15 days old 
(interval of 60-90 days) when the experiment took place. 

Along with the animals, two cadaveric specimens obtained from private slaughterhouses 
were used. The specimens were right pelvic limbs of male Holstein breed animals, weight 39.0 ± 
1.41kgf (interval of 38.0-40.0kgf), 37.5 ± 10.6 days old (interval of 30-45 days), and were 
maintained in a freezer until the day of the experiment.

The animals were bred at the Veterinary School of the Federal University of Minas Gerais 
(UFMG) and trained to walk in halter on a wooden walkway custom made for the experiment. 
One AMTI OR6-7 (© Advanced Mechanical Technology, Inc. USA) force plate was adapted in the 
middle of the walkway.

All animal-involving procedures were evaluated and approved by the Ethical Commission on 
Use of Animals (CEUA) of UFMG, Brazil. Protocol nº 343 / 2013 related to the Project entilted 
"Computer Simulation Based on Finite Element Method for Development of Polymeric 
Orthopedic Implants" under the supervision of Rafael Resende Faleiros, approved in 
11/02/2014.

Measurements

Animals and cadaveric specimens were weighted on a LD200 (LUCASTEC Electronic Scales, SP 
BRAZIL) scale. Animal segments of interest were measured by means of cinematography and 
cadaveric specimens with a measuring tape in accordance with previously chosen bony 
landmarks. 
The pelvic limb of the animals was modelled by four rigid bodies interconnected by the following
joints: metatarsophalangeal, tibiotarsal, femorotibial and coxofemoral. These joints were 
represented by anatomical landmarks similar to those defined in Herlin and Drevemo (1997) and
Phillips and Morris (2001): (A) hoof base (distal end of the hoof segment); (B) lateral trochlea of 
metatarsus (metatarsophalangeal joint); (C) tibial lateral malleolus (proximal tibiotarsal joint); 
(D) femoral lateral epicondyle (femorotibial joint); (E) femoral greater trochanter (coxofemoral 
joint). 

Each anatomic landmark was identified by an adhesive reflective marker. The body segments 
of each animal were measured at the same gate cycle instance (maximal force). The 
measurements were made in sagittal plane where the long bones can be considered coplanar 
and aligned with X-Y plane (Badoux, 1986). 

Motion analysis software Contemplas (Contemplas, Germany) was used to synchronize the 
force plate and the video capture system.

High-speed Basler pi A640 (Basler, Germany) camera was used for video recording at video 
capture frequency of 100 Hz. The camera was positioned on a tripod perpendicularly to the 
sagittal plane at 6 m distance from the wooden walkway (6,00m x 2,00m); the animals were 
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conducted in a straight line using a halter in such a manner that they would step on the force 
plate with their right pelvic member.

Simi-Motion 6.0 (Simi Reality Motion Systems, Germany) was used to digitize the body 
landmarks in the acquired videos. After digitizing five bony landmarks, it was possible to obtain 
the lengths of four body segments: AB (hoof); BC (metatarsus); CD (tibia) e DE (femur), Fig. 3. 

Figure 3. A) Bony landmarks chosen for measurements, similar to Herlin and Drevemo (1997) and Phillips and 
Morris (2001). (A) ground contact point; (B) point representing metatarsophalangeal joint; (C) point representing 
tibiotarsal joint; (D) point representing femorotibial joint  (E) point representing coxofemural joint. B) Segments 
to measure.
Source: Author’s database.

Computer tomography

To construct the geometric model, it is necessary to know the mass distribution on the 
segments. Two animals and two cadaveric specimens underwent one CT session on axial 
tomography scanner Siemens, Somatom AR.T (Siemens, Germany). Each of the performed tests 
lasts in average 2.5 hours, including the animal preparation time. The animals were examined 
under general intravenous anaesthesia (xylazine (0.05 mg kg-1), ketamine (2mg   kg-1) and 
midazolam (0.1mg kg-1), Fig. 4.

Figure 4. Acquisition of CT images at the Veterinary Hospital UFMG.
Source: Author’s database.

Table 1 shows the parameters used for CT acquisition in all the sections.
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Table 1
Image acquisition parameters used in computer tomography
Parameters Values

Voltage on X-ray tube 130 kV
Current on X-ray tube 150 mA

Spacing between the slices 1.0 mm

Slice thickness 2.0 mm

Field of view (FOV) 52.7cm

Matrix size 512 x 512 pixels

The obtained images were saved in DICOM (© NEMA Arlington Virginia) format. CT allows a 
three-dimensional reconstruction of the original anatomic structures, for this InVesalius 3.0 was 
used.  This software allows separation of different tissues, bone and soft tissue (muscles and fat) 
present on CT image (segmentation). 
CT can differentiate tissue based on the characteristics of the material density, Fig. 5.

Figure 5. Tomography images of the pelvic limb of a calf  lighter regions correspond to bone and parts in   gray to 
soft tissues .

Source: Author’s database.

The selected structures are separated by use of coloured masques. The masques developed 
were exported as a triangular mesh, in stl format, for refinement using Meshlab 1.3.3 (Instituto 
di Scienza e Tecnologie dell’ Informazione, Pisa, Italy). After that, the Meshlab meshes were 
exported to SolidWorks 2012 (Dassault Systèmes, Vélizy-Villacoublay Cedex, France) in order to 
obtain a three-dimensional solid model, for each segment, Fig. 6. 
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Figure 6. Software and procedures associated with determining the computational model in SolidWorks. 
Source: Author’s database.

Right pelvic limb mass distribution plots

After the CT session, two animals were euthanized by intravenous administration of thiopental 
at the dose of 100 mg kg-1 after sedation with xylazine 2% (0.1 mg kg-1, intramuscularly). The 
pelvic limbs were dissected together with defrosted cadaveric specimens respecting the joint 
anatomy. The soft tissues (muscle and fat) and bones were weighted separately using Cadence 
BAL153-BAT (Cadence, Navegantes, Brazil) scale with accuracy to 0.001 kgf. 
The densities of bony tissue and soft tissue were obtained experimentally. Each tissue group was
weighted separately, whilst the volume was obtained from InVesalius. InVesalius is public 
domain software developed for Healthcare area by the Technology Centre Renato Archer linked 
to the Brazilian Ministry of Science and Technology. Soft tissue (skin, muscle, ligaments, tendons 
and fat) volume was estimated indirectly as a difference between the total volume and the bony 
tissue volume obtained by segmentation of CT images. 
To construct the pelvic limb mass distribution plots, it is necessary to know the mass distribution
on the segments, for this purpose AMIDE 1.0.3 (Analysis Medical Images Data Examiner, Crump 
Institute for Molecular Imaging, UCLA, School of Medicine, California, USA) was used. 
AMIDE is open-source code software for CT images analysis. The software provides the volume 
of a selected region. The volume of three-dimensional 5 mm wide sections was calculated with 
AMIDE along the length of the segment in proximal-distal direction in three planes (transversal, 
coronal and sagittal), Fig. 7.
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Figure 7. Three-dimensional sections in the calf right pelvic limb.
Source: Author’s database.

The volume of each tissue was multiplied by its respective density thus obtaining partial masses.
Mass of each section is a sum of bony and soft tissue (skin, muscle, tendons, ligament and fat) 
mass. The sum of the masses of all sections provided the masses of the segment. All mass values
were normalized to this mass and used to construct the mass distribution plots, Fig. 8.

Figure 8. Distribution mass for each segment;  A) Segment AB, B) Segment BC, C) Segment CD, D) Segment DE. 
Bone mass in blue; soft tissue mass in red and section mass in green (bone mass plus soft tissue mass). 
Source: author’s database.
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In order to simplify procedures, an average density value was determined from the total volume 
of the limb, provided by InVesalius and your total mass, obtained from AMIDE, this density value
was associated to the three-dimensional SolidWorks models. A coordinate system was assigned 
to each segment and it was possible to obtain  BSIP values by means of Mass Properties tool, 
available in SolidWorks.
These BSIP values obtained from the CT images (tomographic model) were compared with the 
values obtained from the geometric model of elliptical solid.

The diagram on Fig. 9 shows the tomographic model development process.

Figure 9. Flowchart of software and procedures related to tomographic model development. The software’s name
is shown in the white boxes; dark-grey boxes show file extensions for input data, light-grey boxes show the 
software’s functions. 
Source: author’s database.

Geometric model of elliptical solid.

The four segments of the right limb of young cattle were modeled in the Solidworks 2012 by a 
set of elliptical cone frustums, Fig. 10.
The height of each geometric solid was determined taking the distance between two 
consecutive points in the mass distribution plots where changes in the slope occurred. 
Localization of the solid endpoints was defined as a percentage of segment length (L). Due to 
mass distribution characteristics of segment BC, this segment was defined by five points. Once 
the measurement points were defined, the elliptic radii were measured in axial section of CT 
using InVesalius. 
The segment masses obtained from AMIDE and elliptic radii measured using InVesalius 
generated predictive equations as a function of the whole body mass of the animal (M) and 
length (L) of the respective segment. 
The same value for the average density used previously, was associated with each of the 
elliptical geometric models developed in Solidworks. A coordinate system was assigned to each 
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segment and it was possible to obtain  BSIP values that were compared with the values obtained
from the tomographic model.

Figure 10. Geometric models built in SolidWorks. Segment AB; Segment BC; Segment CD; Segment DE.
Source: author’s database.
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The accuracy of the geometric model was determined by mean relative error (1) between the 
values determined by tomographic model (Vtc), and values obtained by geometric model (Vsw).

Er ( )=
(V sw− V tc)

V tc

.100
                                                                                                    (1)

When CoMzz and MoIzz values were calculated from the geometric model, it was possible to 
obtain the respective predictive equations. 

Statistical analysis

All statistical analyses were performed in SPSS v. 18.0 (Statistical Package for the Social Sciences, 
International Business Machines, NY, USA), the significance level was set to             α ≤ 0.05. 
Shapiro-Wilk test was used to verify the normal data distribution. The relation level between the
total mass and the segment mass was determined by Pearson’s linear correlation coefficient (r) 
and by R2. The R2 value is equal to a percentage of variation of dependent variable explained by 
independent variable. The simple linear regression equation is given by (2).

y = a + bx                                                                                                                                          (2),

where y is a dependent variable (partial masses); x is an independent variable (total mass) and 
‘a’ and ‘b’ are coefficients given by the regression line. Due to a small sample population, a 
computationally intensive method (bootstrap) was used to obtain more reliable estimations of 
‘a’ and ‘b’.

The standard error of estimate (SEE) between the measured and predicted segment mass 
was used as an accuracy measure; assuming that a smaller SEE indicates a better model 
adjustment. The SEE was calculated as given in equation (3).

SEE= √se
2

=√SQ residual

N−2                                                                                                                (3),

EPE= √¿
¿

where ¿Se
2   = √

SQResidual

N-2
Se is the standard error of estimate; SQresidual is residual 

mean square and (N-2) number of degrees of freedom. Paired t-test and Pearson’s correlation 
between the observed and model-predicted segment masses evaluate the difference and 
accuracy between the measured and model-predicted value (MAYHEW et al., 1992, 2008). The 
same procedure was applied for the segment lengths and radii, respectively independent variable 
and dependent variable.
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5 Results

Table 2 shows the right pelvic limb segment lengths. 

Table 2
Calves and cadaveric specimens segment measurements: AB (hoof); BC (metatarsus); CD (tibia) e DE (femur).
Subject SEGMENT 

AB (m)
SEGMENT 
BC (m)

SEGMENT 
CD (m)

SEGMENT 
DE (m)

1 0.122 0.270 0.246 0.206
2 0.122 0.295 0.251 0.212
3 0.128 0.318 0.295 0.240
4 0.126 0.322 0.312 0.252
Spec. 1 0.121 0.237 0.244 0.202
Spec. 2 0.119 0.235 0.251 0.205

Height of each geometric solid was determined by points in the mass distribution plots where 
changes in the slope occurred. Localization of the solid endpoints was defined as a percentage of
segment length (L), Table 3. 

Table 3
Localization of endpoints for elliptic radii measurements (% L)

Segment Point 1 
 (% L)

Point 2 
 (% L)

Point 3 
 (% L)

Point 4 
 (% L)

Point 5 
 (% L)

AB 0.0 35.0 82.0 100.0
BC 0.0 12.0 58.0 82.0 100.0
CD 0.0 12.5 72.5 100.0
DE 0.0 31.0 71.0 100.0

Bones and soft tissues were weighted separately and their volumes were obtained from the 
InVesalius. The following tissue average densities were calculated: bony tissue (±SD) 1.6 ± 0.25 g 
cm-3, soft tissue (±SD) 1.06 ± 0.07 g cm-3. 
The segmental masses were calculated from the three-dimensional sections volumes, and tissue 
density experimental values. A model average density was determined from the total volume, 
provided by InVesalius and segmental mass obtained from AMIDE: model density (±SD) 1.33 ± 
0.15 g cm-3. 
Table 4 shows the body mass and segmental mass values of the animals and of the cadaveric 
specimens.

Table 4
Calves and cadaveric specimens body mass and segmental mass values.
Subject Body mass AB mass BC mass CD mass DE mass
Spec. 1 38.00 0.230 0.492 0.912 2.120
Spec. 2 40.00 0.232 0.518 0.960 2.240
1 49.00 0.240 0.540 1.100 2.250
2 65.00 0.298 0.650 1.260 2.695

277

278

279
280

281
282
283

284
285

286
287
288
289

290

291

292

293

294

295
296

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.2395v1 | CC BY 4.0 Open Access | rec: 28 Aug 2016, publ: 28 Aug 2016



3 70.00 0.340 0.775 1.398 3.680
4 85.00 0.418 0.934 2.100 3.825

Table 5 shows the regression equations for estimation of segment masses, from the whole body 
mass of the animal.

Table 5
Equations for right pelvic member segment mass estimation

Legend:       a all correlation coefficients are 
significant for p <0.01
                     M – total mass; m̂AB  – AB mass; m̂BC  – BC mass; m̂CD  – CD mass; m̂DE  – DE mass.

A significant and strong correlation was verified between the total mass and the segment 
masses (r ∈ [0.93; 0.97]; p<0.01). The percentage of segmental mass variation explained by the 
total mass was above 87% (R2 ∈ [0.87; 0.95]; p< 0.01). 
Table 6 shows the equations that estimate the elliptic radii from the segment length (L). 

Table 6
Regression equations for elliptic radii estimation 

Radii
SEGMENT AB 
(% LAB)

SEGMENT BC 
(% LBC)

SEGMENT CD 
(% LCD)

SEGMENT DE
(% LDE) 

r̂r1 0.210. LAB  +  0.005 0.161. LBC + 0.010 0.271. LCD + 0.012 0.373. LDE + 0.004

r̂1 0.201. LAB  +  0.005 0.089. LBC + 0.004 0.202. LCD -  0.015 0.210. LDE + 0.002

r̂r2 0.193. LAB +  0.005 0.127. LBC + 0.001 0.376. LCD -  0.061 0.201. LDE+ 0.002

r̂2 0.159. LAB +  0.004 0.124. LBC + 0.009 0.347. LCD - 0.011 0.583. LDE + 0.006

r̂r3 0.185. LAB + 0.004 0.089. LBC + 0.004 0.135. LCD -  0.008 0.382. LDE  + 0.004

r̂3 0218. LAB +  0.005 0.057. LBC - 0.001 0.570. LCD - 0.126 0.181. LDE + 0.002

r̂r4 0.176. LAB + 0.004 0.033. LBC - 0.052 0.122. LCD - 0.001 0.497. LDE +  0.005

r̂4 0.210. LAB + 0.005 0.089. LBC + 0.004 0.329. LCD - 0.063 0.210. LDE + 0.002

r̂r5 - 0.087. LBC + 0.005 - -

r̂5 - 0.083. LBC + 0.004 - -

Legend: LAB  segment AB length; LBC  – segment BC length; LCD  – segment CD length; LDE  – 
segment DE length;    r̂ri  and r̂ i  elliptic radii 

Table 7 shows average relative error values for CoMzz, in relation to the proximal extremity of the
segments, and for MoIzz in relation to the longitudinal axis (Z). 

Table 7
Relative mean error values (%) for M, MoIzz and CoMzz

Variable Predictive 
equation        ra R2

m̂AB 0.004 x M + 0.065 0.97 0.95
m̂BC 0.009 x M + 0.126 0.97 0.95
m̂CD 0.022 x M + 0.010 0.94 0.88
m̂DE 0.038 x M + 0.587 0.93 0.87
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AB BC CD DE
Relative
mean
  error (%)

mass -5.87 ± 1.23 -1.71 ± 5.24 -5.29 ± 2.71 -2.92 ± 3.15
MoIzz  0.84 ± 1.29   6.82 ± 2.11 -4.41 ± 1.72   3.88 ±  2.45
CoMzz  1.19 ± 1.76  -3.06 ± 7.01 -6.95 ± 4.88  -7.85 ± 11.00

Legend: units for MoIzz (kgm.mm2);  CoMzz (mm); mass (kg)

The geometric model overestimated MoIzz  for segments AB, BC and DE and underestimated for 
segment CD, when compared to tomographic model. Segment AB showed the smallest relative 
mean error for MoIzz, 0.84 ± 1.29%, whilst segment BC showed the biggest, 6.82 ± 2.11%.

When compared to tomographic model, the geometric model underestimated CoMzz for 
segments BC, CD and DE, and overestimated for segment AB. Segment AB showed the smallest 
relative mean error for CoMzz, 1.19 ± 1.76%, and segment DE showed the largest,     -7.85 ± 
11.00%. 

Table 8 shows the predictive equations for CoMzz and MoIzz obtained from the geometric 
model. The equations depending on the segment masses are linear for MoIzz, and 2nd order 
polynomial for CoMzz. 

Table 8
Regression equations for CoMzz and MoIzz estimation
SEGMENTS MoIzz (kg.mm2) CoMzz (mm)
AB 10381.47. m̂AB    - 

1259.02
                             -1997.20. m̂AB

2  + 1204.20. m̂AB            

-    117.89
BC 19849.51. m̂BC  +  

3751.64
                               1050.50. m̂BC

2  – 1485.80. m̂BC        

+   629.58
CD 14193.90. m̂CD   +  

7609.67
                                 154.02. m̂CD

2  – 366.03. m̂CD          

+   317.34
DE 22040.82. m̂DE   + 

20712.12
                                    -2.82. m̂DE

2 –      8.96. m̂DE          

+  163.36

Legend: mAB   – AB mass; mBC  – BC mass; mCD  – CD mass; mDE  – DE mass;

6   Discussion

The bovine pelvic limb was divided into four segments and a geometric model based on 
elliptical solids was constructed in order to represent each of the segments. CT images were 
used in model developments in order to estimate CoM and MoI in relation to the longitudinal 
axis Z. 

BSIP are employed in human and animal body motion studies. In body segment modelling, 
especially when the inverse dynamics is used, accurate BSIP values are fundamental to 
effectively estimate the efforts acting on the musculoskeletal system.
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In the treatment of bovine bone fractures, the main surgeon objective is to provide at the 
fracture site suitable environment for healing, enabling quick recovery of the affected limb 
(Watkins, 2006).

During the ground contact phase, when the weight is transferred from one limb to another, 
the joint forces result from external and inertial forces acting upon the limb. During the airborne
phase, with no ground contact, the joint forces are highly dependent on BSIP. Estimation of BSIP
during the ground contact phase as well as during the airborne phase allows an adequate 
estimation of fixing and blocking mechanisms.

Probably the biggest source of imprecision in BSIP estimation lies in the process adopted for 
dissection of animal limbs (Nauwelaerts et al., 2011). In the present study, the limbs were 
dissected defrosted, thus facilitating the identification of the muscles and joints of the segments.
Only muscle tissue associated with each segment was removed. In this way, it was possible to 
obtain a high precision of measured bone and soft tissue mass values.  

Segmental mass values, predicted by geometric model, were underestimated when 
compared to the values obtained by tomographic model. Segment AB showed the biggest 
relative mean error (±SD) -5.87 ± 1.23%, whilst segment BC showed the smallest relative mean 
error (± SD) -1.71 ± 5.24%. 
 CT images were obtained from sedated animals in decubitus position in the scanner, with 
their muscles relaxed and compressed laterally. This position alters the segmental CoM. For 
simplicity reasons, symmetry assumptions employed allowed consider that the center of mass of
each segment is located on the longitudinal axis Z, therefore CoMxx = CoMyy = 0 and only CoMzz 
was calculated for each segment.
 Segment DE (hip) has a larger fat concentration distributed between the muscle groups, 
which could explain highest mean relative error observed in this segment (±SD) -7.85 ± 11.00% 
for CoM. Segments AB and BC predominantly consist of bony tissue, which explains the smallest 
mean relative error (±SD) 1.19 ± 1.76% and  -3.06 ± 7.01%, respectively, for CoM. All CoM values 
use as a reference the proximal extremity of the respective segment.

This study presents MoIzz values of the segments of interest with BC segment with a largest 
relative mean error (±SD) of 6.82 ± 2.11%, when compared with tomographic model. Segment 
BC is formed by a set of four elliptical solids, which is one solid more than used for other 
segments. This difference implies in a larger number of values (radii and heights) necessary for 
model construction, which potentiates error propagation

It can be concluded that it is possible to determine BSIP using the geometric model; however,
the model was developed for a specific animal breed and age group. To make the model suitable
for other groups, the sample population shall be evaluated in detail. More diversity in the 
animals used in terms of age group and breed could bring new characteristics to the model, thus
allowing a larger generalization of the estimated parameters.

Accuracy of BSIP values depends on the quality of the geometric model. CT-based model 
grants a high precision of measurements, however, a significant cost of the method limits the 
sample population. 
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Some simplifications were used for this work, mainly related to segment symmetry, resulting 
in reduced number of calculated BSIP. Scarcity of similar studies performed in cattle limits 
comparison possibilities of the obtained results with alternative techniques. Comparison with 
studies involving other animals (equine or swine), which are more common in the literature, was
avoided, since the anatomic difference prevents a valid discussion of the results.
Despite the mentioned restrictions of the study it is believed that the offered geometric model 
based on mass distribution properties will provide relevant information on BSIP, thus allowing a 
deeper insight on bovine musculoskeletal system and contributing to the advance in veterinary 
orthopaedics.  
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