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Abstract: This study was carried out to provide quantitative anatomical data on the muscle-tendon units of
locomotors muscle of the antibrachium and manus regions of the domesticated donkeys specifically; muscle
mass, muscle volume, fascicle length, pennation angle, tendon mass, tendon volume and tendon rest length.
From these measurements other muscle properties such as physiological cross sectional area (PCSA) and
maximum isometric force (F ), in addition to tendon stress and tendon strain were estimated for each muscle.max

A total of 140 muscles (28 from each of the five cadavers of donkeys ranged in age from 2.5 to 5 year and in
weight from 166 to 187 kg) were used to examine each muscle functional specifications and their potential to
contribute to limb mechanics. Of these muscles 50 was working on carpal joint (20 extensors and 30 flexors) and
90 were working on joints of the digits (40 extensors and 50 flexors). The largest muscles mass which was found
to have the largest volume and the largest PCSA tended to be had medium fascicle lengths and relatively lower
pennation angles but had the highest capacity for force production. Within the function groups, the greatest
proportion of muscle volume (107.00 cm ) as well as the highest capacity for force generation (63.8 N) was for3

the coffine flexors. Many of these muscles were also in series with long tendons and thus were functionally
suited to elastic energy storage. In conclusion, the discriminate analysis of the available data demonstrated that
the architecture properties are a good predictor of the muscle function.
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INTRODUCTION section area of the muscle (PCSA) and maximum isometric

Skeletal muscle architecture is defined as the 0.2-0.3 [8]. Maximum contraction velocity, however, can
arrangement of muscle fibers relative to the axis of force vary widely between species [7] and in different fiber
generation   [1].   Muscle   force   is   primarily  determined types [9].
by the cross-sectional area of their fibers [2], whereas The  donkey,  ass  or   African   ass   (Equus  asinus)
muscle  excursion  and  velocity  are  determined  by is  a  domesticated   animal    of    the    family   equidae
muscle  fiber  length  [3].  Thus  the  architectural  features have   been  used   to   carry   loads,   pull   carts   and
of  a  muscle  define  its  functional  properties.  Generally, carry  riders. Donkeys  remain  of  crucial  economic
the muscles of the  distal  part  of  the  thoracic  limb of importance   in  many   developing   countries.   This
equine have short-fibers and long tendons [4]. Much of study  aimed  to  investigate muscle-tendon architecture
the length change required for the work of locomotion for  each  muscle of the antibrachium and manus regions
occurs not in the muscle fibers themselves but by the of the donkey and their potential to contribute to limb
elastic associated tendon and muscle aponeurosis. mechanics.
Muscle-tendon unit acts as the spring in spring-mass
system [5]. The tendon springs are important in MATERIALS AND METHODS
locomotion  as  they  facilitate  exchange  of  kinetic,
potential and the elastic strain and reduce the amount of Animals: Right and left thoracic limbs from five cadavers
work necessary to move the animal limbs and carry the of  domesticated  donkey were used in this study. Of
animal mass [6,7]. The maximum isometric force generation these  animals,  three were males and two were females
capacity (F ) is proportional to the physiological cross (2.5 - 5 years; 166 to 187 kg), (Table 1).max

stress is similar for all vertebrate skeletal muscle, about
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Table 1: Subjects

Donkeys No Sex (M/F) Age (Years) Mass (kg) Height (cm) Leg (L/R)

1 M 8 155 123 R and L
2 F 7 167 131 R and L
3 M 10 172 120 R and L
4 m 10 177 127 R and L
5 F 9 168 136 R and L

Table 2: Measurements used in this study

Measurements Abbreviation Definition Unit Tool

Muscle belly length MBL Measured as the length between the proximal ends of the most Millimeter Tape measure
proximal and distal ends of  the most distal fibres of the muscle

Tendon rest length TRL Measured as the length between ends of the most distal muscle Millimeter Tape measure
fibres to distal insertion point

Fascicle length of the released muscle MFL Measured from at least ten random sites within the muscle belly, Millimeter Tape measure
at different depths between the origin and insertion

Muscle -tendon unite length MTUL Calculated by adding belly length to tendon length Millimeter Calculation

Muscle belly mass MBM Measured, to the nearest 1. 0 g. Gram Electronic scales

Tendon mass TM Measured, to the nearest 1. 0 g. Gram Electronic scales

Muscle -tendon unit mass MTUM Calculated by adding belly mass to tendon mass Gram Calculation

Total muscle mass TMM Calculated by adding the masses of all Muscle tendon unite and Gram Calculation
multiplying by two, to account for both limbs

Pennation angle PA Measure as the angle between the fascicles and internal tendon Degree goniometer
(or aponeurosis where no tendon was present)

Muscle belly volume MBV Measured either  directly by offset of water in scaled container or cm Cylinder3

by calculation (by dividing muscle mass by muscle density 
(1.06 g cm-3; [15 and 22]

Tendon volume TV Measured either directly by offset of water in scaled container cm Calculation3

or by calculation by dividing tendon mass by tendon density 
(1.12 g cm  [23]3

Muscle-tendon unit volume MTUV Calculated by adding the muscle belly volume to tendon volume cm Calculation3

Physiological cross-sectional area PCSA Calculated by dividing muscle volume by mean fascicle length cm Calculation2

Architectural index AI Calculated by dividing fibre length by muscle length.

Tendon cross-sectional area TCSA Calculating by dividing tendon volume by tendon length cm Calculation2

Muscle maximum isometric force Fmax Calculating by multiplying PCSA by maximum isometric stress Mpa Calculation
of vertebrate skeletal muscle (0.3 MPa; [7, 8,16 and 17]

Tendon stress at maximum TSfmax Calculated by dividing muscle maximum isometric force by Calculation
isometric force tendon cross sectional area

Strain (%) at this stress TS% Calculated by dividing tendon stress at maximum Gpa Calculation
isometric force by Young's modulus for tendon 
(1.5 Gpa; Bennett et al. 1986; Bennett and Stafford, 1988)

Power output PO Calculated to be proportional to muscle volume (this assumes N Calculation
similar stress/length-specific velocity relationships for all muscles,
which is a reasonable approximation if fiber type distribution
is similar in all muscles)

All  cadavers  had  been  euthanized  for  reasons cleared of fascia. The muscles were removed prior to
other than this study and were free from musculoskeletal measurement, so the muscle fibers would be expected to
pathology. During any interim period between death of return to resting length. The classical anatomical data;
the animal and dissection, the limbs were stored in including muscle origin, insertion, action and structure for
extension position in a refrigerator at 4°C; to ensuring each muscle were accurately identified based mainly on
effects   of   the  onset of rigor mortis were small. Limbs our observations and the horse anatomical data
were skinned and muscles were identified, exposed and previously published [10-12].
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Skeletal Muscle Architecture: Each individual muscle Force = PCSA * maximal isometric stress
was removed systematically and detailed dissections of
muscle-tendon architecture were carried out in accordance
with described methodology [13]. Briefly, individual
muscles were identified, exposed and cleared of fascia.
They were then removed systematically. An incision was
made longitudinally, through each muscle belly at 90° to
the internal tendon, or (if no internal tendon), from tendon
of origin to tendon of insertion. This revealed muscle
fascicles (bundles of individual muscle fibers, visible to
the naked eye) and the lengths of a random selection of
these fascicles, from different areas of the belly, were
measured with vernier caliber. Where possible, ten
lengths were taken; however, for some smaller muscles it
was not possible to distinguish ten clear muscle fascicles
and instead as many measurements as possible were
taken. The tendon of origin and insertion (if present) were
removed and tendon and muscle belly resting length and
mass were measured using a plastic-coated flexible tape
measure and set of electronic scales (SCALTEC),
respectively. Resting pennation angle (to the nearest
degree) was also obtained by measuring the angle
between  the  internal  tendon   (and  aponeurosis)   and
the  fascicles using a clear plastic protractor. All
measurements   taken   for   this   study   were  summarized
in Table 2.

Functional  Distribution  of  Muscles:  Muscle  groups
were identified based on their action about each joint.
These functional groups were defined to compare muscle
architectural measures across joints. Distribution of
functional muscle mass, volume, fascicles lengths and
CSA as well as the F  was determined in order tomax

establish the maximum muscle mass, volume, fascicles
lengths and CSA as well as the F  that could either flexmax

or extend each joint. Muscles that could act at more than
one joint were included in the relevant functional group at
each joint crossed, although there is potential for power
transfer across multiple joints [14].

Theoretical  Calculation:  Taking  the  density  of  muscle
as  1.1  g  cm   [15]  and  the  maximal  isometric  stress  as3

0.3 MPa; [7, 8, 16,17]. The PCSA was estimated using the
following equation

PCSA = (mass/density) + fiber length

While the Maximal Isometric Force Was Estimated
Using Sthis Equation

According  to  Biewener  [18],  to  overcome  the
difficulties  associated  with  comparing  anatomical
measurements between muscles that have been removed
from geometrically similar animals but vary in size, mass
should be scaled directly to body mass, length should be
scaled directly to (body mass)  and PCSA should scaled1/3

to (body mass) .2/3

The raw data were normalized by dividing muscle
mass by body mass, mean fiber length by (body mass)1/3

and PCSA by (body mass)  [19]. The raw tendon data2/3

were also normalized by dividing tendon mass by body
mass and tendon length by (body mass) . This assumes1/3

that tendons, like muscles, scale isometrically [20 , 21].
The  tendon  cross-sectional  area  (CSA)  was

estimated   using    the    following    equation.   Tendon
CSA = (tendon mass/density) + Tendon length.

RESULTS

The  total   number  of  the  examined  muscles  was
140  muscles  (28  from  each of the five donkeys, 14 in
each  limb).  Of  these  50  (10  from  each  of  the  five
donkeys, 5 in each  limb)  was  working  on  carpal  joint
[(20  extensors  (4  from  each of  the  five  donkeys,  2  in
each limb) and 30 flexors (6 from each of the five donkeys,
3 in each limb)] and 90 (18 from each of the five donkeys,
9 in each limb) was  working  on  joints  of   the   digits
[(40  extensors  (8  from each of the five donkeys, 4 in
each limb)] and 50 flexors (10 from each of the five
donkeys, 5 in each limb)]. Among the muscles working on
joints of the digits about 30 (6 from each of the five
donkeys,  3  in  each  limb)  was  working  on  one  joint
and 30 (6 from each of the five donkeys, 3 in each limb)
was working on two joints and 50 (10 from each of the five
donkeys, 5 in each limb) was working on the three joints
of the digits.

Gross Anatomy: The classical anatomical data including
muscle name, abbreviations, origin, insertion, action and
some structural and comparative notes for each muscle
were summarized in Table 3 and Figures 1-12.

In this study; the muscles were grouped functionally;
however  some  of  which are belong to other category
from comparative point of view. For every muscle the
primary action at each joint is listed first, followed by
secondary/auxiliary actions. 
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Table 3: Origin, Insertion, action and some comparative notes of the muscle of the antebrachium and manus region  of donkey

I-Muscles of the carpal joint A-Extensors muscles of the carpal joint

Muscle name and abbreviation Origin Insertion Action Comparative notes

1-M. Extensor carpi radialis ECR 1-Lateral epicondyloid crest Metacarpal tuberosity of Extend and fix the carpal joint This muscle is divided into two parts in cat 

 of humerus the principle metacarpal bone and human

2-Radial or coronoid fossa 1-Extensor carpi radialis longus 

3-Inter muscular septum between this 2-Extensor carpi radialis brevis

muscle and common digital extensor

4-tuberosity of the humerus

2- Oblique extensor of  the OEM 1-Lateral border of the cranial surface At the base of the small Extend the carpal joint This muscles belonged functionally to 

metacarpus (Abductor of the middle of the radius metacarpal (McII) extensors muscles of the carpal joint, however

pollicis. longus)  it belonged to long extensors muscles of the

digits from comparative point of view

B-Flexor muscles of the carpal joint

1-M. flexor carpi radialis FCR 1-Medial epicondyle of the On the head of the medial Flex the carpal joint This muscle is inserted  in Mc2 and Mc3 

humerus behind  the medial splint bone (Mc2) in carnivores, while in ruminants

collateral ligament of elbow joint and pig inserted in Mc3

2-M. flexor carpi ulnaris FCU It has two heads at their origin: Accessory carpal bone Flex the carpal joint The ulner head of this muscle is absent 

a) ulnar head : week and pigs and it is tendinous in sheep

tendomuscular from medial surface

of the olecranon b) humeral head:

from medial epicondyle behind

the flexor carpi radialis

3-M. Extensor carpi ulnaris 1-lateral epicondyle of the humerus 1-The principle insertion on Flex carpal joint This muscle is inserted mainly in Mc5 in 

(Ulnaris Lateralis) ECU behind the lateral collateral the accessory carpal bone. carnivores, while the main insertion in equines

ligament of the elbow joint 2- Secondary tendon pass and ruminants is in accessory carpal bone.

laterally in groove on the

 accessory carpal bone under

the lateral collateral

ligament of the carpal to be

inserted in the head of the

lateral splint bone (Mc4)

II-Muscles of the digits A-Long muscles of the digits

1-Long extensors muscles of the digits

1-Extensor digitorum 1-Immediately above the condyle 1-Extensor process of the third Extend digit and fix This muscle is divided into 4 in carnivores, 

communes EDC of the humerus between the radial phalanx carpal joint three in pig, and two in ruminant and still 

fossa and lateral protuberance. 2-Detached branch to the 2nd undivided in horse

2-Lateral collateral ligament of phalanx (pastern branch) 

elbow joint 3-Some fibers inserted in the 

3-Cranial aspect of the lateral hoof cartilage.

protuberance of the radius

2-Extensor EDL 1-lateral collateral ligament 1-Proximal phalanx Extend the This muscle has 3 bellies in cats, 2 in dog but

digitorum lateralis of elbow 2-laterally from (dorsolateral aspect) metacarpophalangeal joint only one in other domestic mammals except 

proximal extremity of radius and ulna in pigs it represented by completely

2 separated muscles

3-M.of  Thiernesse Th From the ulna immediatley proximal By delicate tendon which Assist in extension of digits and Thiernesse muscledp

is represented the muscle 

(deep part) to the interosseous space  fusedwith common carpal joint extensor indicis in the other domestic mammals

extensor tendon

4-M.of  Thiernesse Th From the cranial aspect of the radius 1-By thin separate tendon 2- Extend the sp

(Superficial part) near to the lateral protuberance. applied laterally to the metacarpophalangeal joint 

common extensor tendon of the third phalanx

which separated distally to be

inserted in dorsolateral aspect

 (is known as muscle of Philip)

2-Long flexors muscles of the digits
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Table 3: Continued

1-Superfacial digital SDF 1-Medial epicondyle of the humerus 1-By means of two limbs 1-Flex first two joints of the Very tendinous  muscle in donkey and have

flexor M. attached medially and laterally third digit2- Help in flexing single muscle belly while it has two bellies

 to flexor tubercle on second the entire limbs  by activating in pig and ruminant

phalanx 2-By slighter several joints

branch to laterodistal aspect

of the1st phalanx

2-deep digital flexor DDF 1-Arise from medial 1-Palmar aspect of the 1-flex all  joints of the In all domestic mammals this muscle consistshh

(humerarl head) epicondyle of the humerus third phalanx forefoot including the distal of three heads, the humeral head subdivided

inter phalangeal joint into more or less three distinct bellies. These 

2-Help in fix fetlock joint five bellies form one single tenton of insrtion

3-deep digital flexor DDF Arise by fleshy origin from medial uh

(ulnar head) aspect of the olecranon

4-deep digital flexor DDF Arise as flat muscle belly from rh

(radial head) the caudomedial aspect of radius

at about the middle third of the forearm

B-Short muscles of the digit

1-M. interosseos medius MIO The radiate ligament of the Proximal sesamoid bone Gives 1-Act as purely passive 1-This muscle is muscular in carnivores and

carpus in Proximal area of McIII reinforcing branch to the supporting structure which, pig and ligamentous in adult ruminant and equine

common extensor tendon together with the distal 

sesamoidean ligaments, help

fix the fetlock joint. 

2-Prevents over extension

of the joint in fast gait

2-lateral and LIO Arise from the head of the To the small metacarpal bone Assist in tense of the skin of Pale rudimentary, tendinous inconstant muscle

medial interosseous Mm. and corresponding small near the distal extremity metacrpal region at chestnut

MeIO metacarpal bone

3-Lumbercales M. Lm - - - -

Hints:  The  anatomical  data;  including  muscle origin, insertion, action for each muscle were identified based mainly on our observations and the previously published data for the horse in

[10, 11 and 12] 1-The muscles grouped functionally however some of which are belong to other category from comparative point of view. 2-For every muscle the primary action at each joint

is listed first, followed by secondary/auxillary actions [11].3-The Abductor pollicis longus should be more appropriately called the oblique extensor of the metacarpus. This muscle is triangular

sheat cover the dorsolateral aspect of the skeleton of the forearm and its tendon passes obliquely over the EDC tendon4-The muscle belly of the muscle of philib (the superficial or the radial

head of thiernesse muscle) is fused with that of common digital extensor, while its tendon is fused with that of the lateral digital extensors in the donkey and so is not listed as a separate muscle.5-In

spite of Klomklean et al. 2002 [26] found the lumbericalis muscle in 63 cases from 75 examined horses; this muscle is rudimentary and could not be detected in all examined donkeyes.6--Lateral

and medial interosseous muscles are  pale rudimentary very tendnious attached to the splint bones

Muscle  Architecture:  The  general  architecture  of the Muscle  Volume:  The  row  data  of  muscle  volume  are
muscles of the antibrachium and manus regions were
represented in Figures 12-24.

Muscle Mass: The row data of muscle mass are given in
Table 4, normalized in table 5 by dividing the muscle mass
with the body mass and represented in Figures 25.

Total mass of the locomotors muscle of the
antibrachium  and  manus  regions  of  the  individual  limb
of donkey was small as [540.474 (493.08 - 573.86) g],
accounting for only 0.37% of total body mass and for
both limbs, accounting for only (0.75%) of total body
mass.

The largest muscle mass in the region was the
extensor carpi radialis [136.84 (123.56 - 149.78) g] which
accounting   for   25.32%  of total  area  mass  and  0.082%
of total body mass.

The smallest muscle was radial head of flexor
digitorum profundus [4.41(2.82 - 6.01) g] which accounting
for 0.82% of total area mass and 0.003% of total body
mass.

given in Table 4 and normalized in Table-6 by dividing the
muscle volume with the area volume and represented in
Figures 26.

Total volume of the muscles of this region in donkey
was small as 503.400 (499 - 510) cm .3

The largest muscle volume was the extensor carpi
radialis [124 (120 - 127) cm ]  accounting  for  24.56%  of3

total area mass.
The smallest muscle was radial head of flexor

digitorum profundus [4 (3 - 6) cm ] accounting for 0.83%3

of total area mass.

Fascicle Lengths: The row data of muscle are given in
Table 4 and normalized in Table 7 by dividing the muscle
mean fascicles length by (body mass)  represented in1/3

Figures 26 and represented in Figures 27.
The muscles of the antibrachium and manus region of

the donkeys had relatively short fascicles lengths which
varied both between donkeys and even within a muscle of
the same donkey (hence ten measurements were taken
from a variety of regions within the muscle belly).
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Plate 1: (Fig 1- 5): Photographic images showing the lateral view (in fig 1, fig 2 and fig 4) and dorsal view (in fig 3 and
fig 5) of the dissected muscles of the antibrachium and manus regions of the donkey. Number 1 representing
the extensor carpi radialis muscle (ECR); 1’ indicates ECR tendon; 2 extensor digitorum communes (EDC); 2’
EDC tendon; 3 extensor digitorum lateralis (EDL); 3’ EDL tendon; 4 extensor oblique of the metacarpus (EOM);
4’ EOM tendon; 5 extensor carpi ulnaris muscle (ECU); 5’ ECU tendon.; 6  deep part of muscle of thieresesisA

(Th ); 6  superficial part of muscle of thieresesis (Th ); 6 ’ Th  tendon; 7 dorsal retinaculun of the carpal joint;dp B sp B sp

8 extensor branch (reinforcing branch) of the middle interosseous (MIO). In all figures the scale unit is cm.
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Plate 2: (Fig 6- 12): Photographic images showing the medial view (in fig 6, fig 7, fig 9 and fig 10) and palmar view (in
fig 8 and fig 11) of the dissected muscles of the antibrachium and manus regions of the donkey. Number 1
representing the flexor carpi radialis muscle (FCR); 2 flexor carpi ulnaris (FCU); 2  ulnar head of FCU; 2  radiala b

head of FCU; 3 superficial digital flexors (SDF); 3’ SDF tendon; 4  humeral head of deep digital flexor (DDF );a
HH

4  radial head of deep digital flexor muscle (DDF ) 4  ulnar head of deep digital flexor muscle (DDF ); 4’ deepb c
RH UH

digital flexor tendon; 5’ ECU tendon.; 6 middle interosseous (MIO); 6  medial branch of MIO; 6  extensora aa

(reinforcing) branch of the MIO; 7 small branch of SDF to the laterodistal aspect of the first phalanx. In all
figures the scale unit is cm.
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Plate 3: (Fig 12- 24): Photographic images showing the distinct muscle architecture of the muscles of the antibrachium and manus regions of the donkey.
The muscles have been transected longitudinally to show details of muscle fiber arrangement. The extensor carpi radialis muscle (ECR) in (Fig
12) appear to be mutipennated muscle with short fibers attached to the internal tendon (arrow head) in the upper part and long fibers in its narrow
distal part. The extensor digitorum communes muscle (EDC) in (Fig. 13) appears to be bipennated with short fibers span the distance between
external aponeurotic tendons (arrow). The extensor oblique of the metacarpus muscle (EOM) in (Fig. 14) appears to be bipennated muscle with
short fibers span the distance between external aponeurotic tendons (arrow). The extensor digitorum lateralis muscle (EDL) in (Fig. 15) appears
to be unipennated muscle with short fibers attached to the one side external tendon. The extensor digitorum communes muscle (EDC) in (Fig.
16 and Fig 17) appears to be mutipennated muscle in which the muscle fibers spans the distance between external aponeurotic tendons (arrow) and
internal tendons or in between the internal tendons (arrow head). The flexor carpai radialis muscle (FCR) in (Fig. 18) appears to be unipennated
muscle with long muscle fibers spans the distance between external aponeurotic tendons (arrow). The flexor carpai ulnaris muscle (FCU) in (Fig.
19) appears to be mutipennated muscle with short muscle fibers spans the distance between internal tendons (arrow head). The superficial digital
flexor muscle (SDF) in (Fig. 20) appears to be a multipennate muscle with short fibers span the distance between numerous internal tendons (arrow
head) throughout the muscle's the longitudinally transected belly. The humeral head of deep digital flexor (DDF ) in (Fig. 21 and Fig 22) appearsHH

to be a multipennate muscle with short fibers span the distance between numerous internal tendons (arrow head) throughout the muscle's the
longitudinally transected belly. The ulnar head of deep digital flexor muscle (DDF ) in (Fig.-23) appears to be unipennated muscle with shortUH

fibers attached to one side external tendon. The radial head of deep digital flexor muscle (DDF ) in (Fig. 24) appears to be unipennated muscleRH

with long fibers attached to external aponeurotic tendons tendon (arrow). In all figures the scale is in cm.
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Table 4: Mean measured data for muscle tendon unit  of the muscles of antebrachium and manus  of donkey

Mass (g) Volume (cm ) Length (mm)3

---------------------------------------------------------------- ------------------------------ ------------------------------------------------------- P CSA
Muscle T B MTU T B MTU T B MTU FL TCSA PA (cm ) AI2

ECR 6.4(5.7-7.3) 131.3(128.5-135.2) 137.74(123.56-149.78) 0.040 25(12-33) 154.74 0.074 260(256-265) 410(406-414) 30(10-50) 0.040 25(12-33) 154.74 0.074
OEM 1.23(0.9-2.1) 5.1(3.5-7.1) 6.24(4.08-8.35) 0.008 20(10-35) 18.76 0.062 180(176-183) 320(318-323) 19(8-40) 0.008 20(10-35) 18.76 0.062
FCR 1.7(1.2-2.2) 24.2(21.7-27.2) 25.72(23.81-27.83) 0.016 12(10-15) 66.32 0.145 212(209-215) 336(33-339) 48(20-98) 0.016 12(10-15) 66.32 0.145
FCU 0.8(0.46-1.3) 32.5(30.8-35.2) 33.41(31.52-35.06) 0.036 45(30-50) 42.70 0.056 280(278-283) 300(297-303) 16(8-27) 0.036 45(30-50) 42.70 0.056
ECU 1.9(1.2-2.4) 48.4(43.8 - 52.4) 50.42(48.02 - 53.52) 0.019 45(28-60) 59.36 0.024 270(267 -274) 340(338 - 343) 8(4-20) 0.019 45(28-60) 59.36 0.024
EDC 10.1(9.6-11.9) 58.8(53.6-62.3) 68.92(65.08-71.07) 0.021 24(13-45) 92.640 0.051 210(208-213) 630(628-633) 32(10-60) 0.021 24(13-45) 92.640 0.051
EDL 3.8 (2.8-4.2) 3.4(2.1-4.3) 7.32(5.51-9.-8) 0.009 21(11-32) 18.62 0.027 180(178 -183) 560(557-563) 15(5-30) 0.009 21(11-32) 18.62 0.027
Th 0.1(0.08-0.3) 5.1(3.8-8.4) 5.2(3.9-8.7) 0.050 31(18-46) 35.21 0.196 140(126-174) 174(272-356) 31(18-46) 0.050 31(18-46) 35.21 0.196dp

Th 1.3(1.0-1.6) 8.34(5.06-10.62) 9.6(6.2-11.68) 0.004 - 42.86 0.050 170(168-173) 410(434-464) 35(16-48) 0.004 - 42.86 0.050sp

SDF 19.8(16.2-22.5) 32.1(29.2-35.4) 51.90 (49.02-43.72) 0.055 15(11-18) 65.750 0.037 254(251-257) 583(580-585) 21(12-36) 0.055 15(11-18) 65.750 0.037
DDF 32.7(29.5-35.3) 61.5 (58.3-64.1) 94.20(91.04-96.82) 0.853 25(14-35) 122.290 0.759 24(21-27) 58(55-61) 44(22-71) 0.853 25(14-35) 122.290 0.759hh

DDF 0.6(0.3-0.9) 3.9(1.2-5.6) 4.50(2.82-6.01) 0.017 - 33.690 0.269 92(89-95) 140(137-144) 37(12-63) 0.017 - 33.690 0.269rh

DDF 1.3(0.9-1.5) 23.2(20.8-26.4) 24.50(21.32-27.02) 0.009 32(25-50) 56.660 0.116 203(201-205) 290(287-293) 33(14-54) 0.009 32(25-50) 56.660 0.116uh

MIO - - 20.3(17.2-24.5) - 19.88 - - 28(26-31) - - 19.88 -

Symbol: T= tendon, B=Belly, MTU=muscle tendon unite, FL=fascicles length, TCSA=Tendon cross-sectional area, PA= Pennation angle, PCSA=Physiological cross-sectional area,
AI=Architectural index. In some muscle the fascicle length measurements where not possible due to limits of the size and poor fascicle definition.Name of the muscles listed in Table 3

Table 5: Normalized muscle mass for muscle tendon unit  of the muscles of antibrachium and manus of donkey
Percentage of muscle mass / body mass
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Donkey no. 1 Donkey no. 2 Donkey no. 3
---------------------------------------------------- ------------------------------------------------------- --------------------------------------------------------

Muscle MM (g) MM/AM MM/BM MM (g) MM/AM MM/BM MM (g) MM/AM MM/BM
ECR 137.74 0.26 0.89 123.56 0.25 0.74 149.78 0.26 0.87
EDO 6.24 0.01 0.04 4.08 0.01 0.02 8.35 0.01 0.05
FCR 25.72 0.05 0.17 23.81 0.05 0.14 27.83 0.05 0.16
FCU 33.41 0.06 0.22 31.52 0.06 0.19 35.06 0.06 0.20
ECU 50.42 0.09 0.33 48.02 0.10 0.29 53.52 0.09 0.31
EDC 68.92 0.13 0.44 65.08 0.13 0.39 71.07 0.12 0.41
EDL 7.32 0.01 0.05 5.51 0.01 0.03 9.80 0.02 0.06
Th 5.20 0.01 0.03 3.90 0.01 0.02 8.70 0.02 0.05dp

Th 9.60 0.02 0.06 6.20 0.01 0.04 11.68 0.02 0.07sp

SDF 51.90 0.10 0.33 49.02 0.10 0.29 43.72 0.08 0.25
DDF 94.20 0.17 0.61 91.04 0.18 0.55 96.82 0.17 0.56hh

DDF 4.50 0.01 0.03 2.82 0.01 0.02 6.01 0.01 0.03rh

DDF 24.50 0.05 0.16 21.32 0.04 0.13 27.02 0.05 0.16uh

MIO 20.30 0.04 0.13 17.20 0.03 0.10 24.50 0.04 0.14
Donkey no. 4 Donkey no. 5 Mean of
---------------------------------------------------- ------------------------------------------------------- --------------------------------------------------------

Muscle MM (g) MM/AM MM/BM MM (g) MM/AM MM/BM MM (g) MM/AM MM/BM
ECR 125.34 0.23 0.71 147.76 0.27 0.88 136.84 0.2530 0.8174
EDO 5.37 0.01 0.03 6.42 0.01 0.04 6.09 0.0112 0.0364
FCR 24.78 0.05 0.14 26.43 0.05 0.16 25.71 0.0476 0.1535
FCU 32.76 0.06 0.19 34.21 0.06 0.20 33.39 0.0618 0.1994
ECU 64.43 0.12 0.36 52.12 0.09 0.31 53.70 0.0994 0.3196
EDC 70.12 0.13 0.40 67.53 0.12 0.40 68.54 0.1270 0.4091
EDL 6.87 0.01 0.04 8.34 0.02 0.05 7.57 0.0139 0.0451
Th 6.8 0.01 0.04 7.2 0.01 0.04 6.36 0.0117 0.0378dp

Th 10.13 0.02 0.06 8.34 0.02 0.05 9.19 0.0169 0.0548sp

SDF 47.82 0.09 0.27 45.73 0.08 0.27 47.64 0.0885 0.2850
DDF 93.35 0.17 0.53 95.54 0.17 0.57 94.19 0.1745 0.5624hh

DDF 3.45 0.01 0.02 5.26 0.01 0.03 4.41 0.0081 0.0263rh

DDF 26.21 0.05 0.15 25.82 0.05 0.15 24.97 0.0461 0.1489uh

MIO 24.21 0.04 0.14 23.12 0.04 0.14 21.87 0.0403 0.1302
Symbols: MM= muscle mass, BM= body mass, AM= area mass, (g)= gram, (Kg) = kilogram l Name of the muscles listed in Table 3
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Fig. 25: Chart representing mean of muscle tendon unite mass as a proportion to body mass, for the muscles of 
antebrachium and manus region of donkey, (n=10)

Fig. 26: Chart representing the mean of muscle tendon unit volume as proportion to total area volume, for the 
muscles of antebrachium and manus region of donkey, (n=10)

Fig. 27: Chart representing the mean of fascicles length as proportion to (body mass) 1/3, for the muscles of 
antebrachium and manus region of donkey, (n=10).
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Fig. 28: Chart representing the mean of physiological cross-sectional area as proportion to (body mass) 2/3 for the 
muscles of antebrachium and manus region of donkey, (n=10).

Fig. 29: Chart representing the mean of architectural index (muscle fascicle length in proportion to muscle belly 
length) for the muscles of antebrachium and manus region of donkey, (n=10). 

Fig. 30: Chart representing the mean of the length measurements, showing proportion of tendon length to belly 
length for the muscles of antebrachium and manus region of donkey, (n=10)
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Fig. 31: Chart representing the mean of the tendon stress at the maximum isometric force (MPa) for tendons of the 
muscles of antebrachium and manus region of donkey, (n=10). 

Fig. 32: Chart representing the mean of the tendon strain at the maximum stress (MPa) for the tendons of the 
muscles of antebrachium and manus region of donkey, (n=10).

Fig. 33: Chart representing the mean of tendon cross section area for the tendons of the muscles of antebrachium 
and manus region of donkey, (n=10).
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Fig. 34: Chart representing comparison of the estimated total maximal isometric force for the muscle groups 
working at the distal limb joints of the donkey, (n=10).

Fig. 35: Chart representing the comparison between total of muscle tendon unite mass for the muscle groups 
working at distal limb joints of the donkey, (n=10).

Fig. 36: Chart representing the comparison between total of muscle tendon unite volume for muscle groups working 
at distal limb joints of the donkey, (n=10).
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Fig. 37: Chart representing the comparison between total of the mean muscle fascicles for muscle groups working at 
distal limb joints of the donkey, (n=10).

Fig. 38: Chart representing the comparison between the mean of the total muscle physiological cross section area 
(cmm2) for the muscle groups working at distal limb joints of the donkey, (n=10).

Fig. 39: Chart representing the comparison between the mean of the fascicle pennation angles (0) for the muscles of 
the antibrachium and manus region of donkey, (n=10).
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Table 6: Normalized muscle volume for the muscles of antibrachium and manus of donkey

Percentage of muscle volume / area volume
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Donkey no.1 Donkey no. 2 Donkey no. 3 Donkey no. 4 Donkey no. 5 Mean of
------------------------------- -------------------------------- ------------------------------ ----------------------------- ------------------------------ ----------------------------

Muscle MV (cm ) MV/AV (cm ) MV (cm ) MV/AV (cm ) MV (cm ) MV/AV (cm ) MV (cm ) MV/AV (cm ) MV (cm ) MV/AV (cm ) MV (cm ) MV/AV (cm )3 3 3 3 3 3 3 3 3 3 3 3

ECR 126 25.1% 122 23.9% 127 25.5% 120 23.8% 123 24.5% 123.60 0.25
EDO 5 1.0% 8 1.6% 4 0.8% 6 1.2% 7 1.4% 6.00 0.01
FCR 27 5.4% 26 5.1% 28 5.6% 29 5.8% 31 6.2% 28.20 0.06
FCU 30 6.0% 28 5.5% 31 6.2% 32 6.3% 29 5.8% 30.00 0.06
ECU 47 9.4% 48 9.4% 51 10.2% 49 9.7% 47 9.3% 48.4 0.10
EDC 63 12.6% 70 13.7% 58 11.6% 65 12.9% 66 13.1% 64.40 0.13
EDL 5 1.0% 9 1.8% 12 2.4% 7 1.4% 4 0.8% 7.40 0.01
Thdp 7 1.4% 5 1.0% 6 1.2% 9 1.8% 6 1.2% 6.60 0.01
Thsp 12 2.4% 11 2.2% 15 3.0% 8 1.6% 10 2.0% 11.20 0.02
SDF 47 9.4% 52 10.2% 45 9.0% 48 9.5% 50 9.9% 48.40 0.10
DDFhh 82 16.4% 80 15.7% 74 14.8% 85 16.9% 77 15.3% 79.60 0.16
DDFrh 6 1.2% 5 1.0% 4 0.8% 3 0.6% 3 0.6% 4.20 0.01
DDFuh 22 4.4% 21 4.1% 25 5.0% 24 4.8% 23 4.6% 23.00 0.05
MIO 22 4.4% 23 4.5% 19 3.8% 18 3.6% 25 5.0% 21.40 0.04

Symbol : MV=muscle volume, AV= area volume; Name of the muscles listed in Table 3

Table  7: Normalized muscle data for the muscles of antibrachium and manus of donkey

Percentage of muscle fascicle length (mm)/(body mass)1/3 (Kg)
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Donkey no.1 Donkey no. 2 Donkey no. 3 Donkey no. 4 Donkey no. 5 Mean of
----------------------------- ----------------------------- ----------------------------- ----------------------------- ----------------------------- ---------------------------

Muscle FL (mm) FL /BM1/3 FL (mm) FL / BM1/3 FL (mm) FL / BM1/3 FL (mm) FL / BM1/3 FL (mm) FL / BM1/3 FL (mm) FL / BM1/3

ECR 10 1.91 40 7.28 50 9.02 21 3.70 30 5.47 30 5.48
EDO 8 1.5 6 1.07 41 7.33 4 0.68 7 1.35 13 2.39
FCR 2 0.37 68 12.34 80 14.38 14 2.49 51 9.18 43 7.75
FCU 10 1.89 9 1.59 18 3.14 21 3.70 4 0.77 12 2.22
ECU 5 1.00 7 1.28 3 0.59 20 3.59 17 3.00 11 1.89
EDC 20 3.76 10 1.81 30 5.43 41 7.26 50 9.09 30 5.47
EDL 11 1.97 8 1.41 5 0.93 21 3.70 14 2.57 12 2.12
Th 46 8.56 18 3.26 35 6.29 26 4.63 22 4.00 29 5.35dp

Th 48 8.93 16 2.90 31 5.57 53 9.43 25 4.44 35 6.25sp

SDF 15 2.79 22 3.99 12 2.15 36 6.41 27 4.92 22 4.05
DDF 22 4.09 29 5.26 52 9.35 46 8.19 34 6.21 37 6.62hh

DDF 43 8.00 12 2.17 50 8.99 20 3.56 23 4.24 30 5.39rh

DDF 30 5.58 50 9.07 14 2.51 54 9.61 22 3.95 34 6.14uh

MIO - - - - - - -

Symbol  : FL= fascicles length, BM= body mass, (Kg) = kilogram; Name of the muscles listed in Table 3

Longest   fascicles   were  seen  in  flexor  carpi carpi radialis 12 (10-15) and the flexor digitorum
radialis  [43  (2-80)  mm]  accounting  for 7.75% of total superficialis 15 (11-18).
body mass and    humeral   head   of   flexor   digitorum
profundus [37 (22-52) mm] accounting for 6.62% of total Physiological Cross-Sectional Area (PCSA): The PCSA
body mass. was estimated using the following equation:

The muscles had the shortest fascicles, notably
extensor carpi ulnari [11 (3-20) mm] which accounting for PCSA = (mass/density) + fiber length
1.89%  of  total  body mass, extensor digitorum lateralis
[12 (5-21)] which accounting for 2.12% of total body mass The row data of the estimated PCSA of the muscle
and flexor carpi ulnaris [12 (4-21) mm] which accounting muscles  of  antibrachium  and  manus region of the
for 2.22% of total body mass. donkey   were   given   in   Table   4   and  normalized  in

Fibre Pennation Angles: Fibre pennation angles of the and represented in Figures 28.
muscles of antibrachium and manus region of the donkey The  muscle  with  the  largest  PCSA  in the
ranged from 10 to 50° (Table 4). Most of the muscles of antibrachium and   manus   region   of   the   individual
this area had varying degrees of pennation. The highest limb   of   donkey  was  the   extensor   carpi  radialis
being in flexor carpi ulnaris 45 (30-50) and the extensor [154.74 (134.79 - 186.40) cm ] which accounting for 5.08%
carpi ulnaris 45 (28-60) while the lowest being in flexsor of total (body mass) .

Table 8 by dividing the muscle PCSA by (body mass)2/3

3

 2/3
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Table 8: Normalized muscle mass for muscle tendon unit  of the muscles of antibrachium and manus of donkey
Donkey no. 1 Donkey no. 2 Donkey no. 3
-------------------------------------------------------------- -------------------------------------------------------------- -----------------------------------------------------------

Muscle MM (g) FL (mm) PCSA (cm ) PCSA / (BM2/3) MM (g) FL (mm) PCSA (cm ) PCSA / (BM2/3) MM (g) FL (mm) PCSA (cm ) PCSA / (BM2/32 2 2

ECR 137.74 10 135.54 4.69 123.56 40 152.42 5.03 149.78 50 186.40 6.03
EDO 6.24 8 13.78 0.48 4.08 6 9.64 0.32 8.35 41 48.42 1.57
FCR 25.72 2 25.38 0.87 23.81 68 89.65 2.96 27.83 80 105.30 3.40
FCU 33.41 10 40.58 1.40 31.52 9 37.48 1.24 35.06 18 49.39 1.60
ECU 50.42 5 51.26 1.77 48.02 7 50.75 1.67 53.52 3 51.97 1.68
EDC 68.92 20 82.88 2.87 65.08 10 69.38 2.29 71.07 30 94.82 3.07
EDL 7.32 11 17.26 0.60 5.51 8 12.84 0.42 9.80 5 14.15 0.46
Th 5.20 46 50.73 1.75 3.90 18 21.55 0.71 8.70 35 42.91 1.39dp

Th 9.60 48 56.73 1.96 6.20 16 21.64 0.713 11.68 31 41.62 1.33sp

SDF 51.90 15 62.18 2.15 49.02 22 66.56 2.19 43.72 12 51.75 1.67
DDF 94.20 22 107.64 3.73 91.04 29 111.76 3.69 96.82 52 140.02 4.53hh

DDF 4.50 43 47.09 1.63 2.82 12 14.56 0.48 6.01 50 55.46 1.79rh

DDF 24.50 30 52.27 1.81 21.32 50 69.38 2.29 27.02 14 38.56 1.25uh

MIO 20.30 0.0 18.45 0.64 17.20 0.0 15.64 0.52 24.50 0.0 22.27 0.72
Donkey no. 4 Donkey no. 5 Mean of the 
-------------------------------------------------------------- -------------------------------------------------------------- -----------------------------------------------------------

Muscle MM (g) FL (mm) PCSA (cm ) PCSA / (BM2/3) MM (g) FL (mm) PCSA (cm ) PCSA / (BM2/3) MM(g) FL (mm) PCSA (cm ) PCSA / (BM2/3)2 2 2

ECR 125.34 21 134.79 4.28 147.76 30 164.54 5.40 136.84 30.34 154.74 5.08
EDO 5.37 4 8.69 0.28 6.42 7 13.29 0.44 6.09 13.23 18.76 0.61
FCR 24.78 14 36.53 1.16 26.43 51 74.74 2.45 25.71 42.94 66.32 2.17
FCU 32.76 21 50.62 1.61 34.21 4 35.44 1.16 33.39 12.35 42.70 1.40
ECU 64.43 20 78.80 2.50 52.12 17 64.00 2.10 53.70 10.54 59.36 1.94
EDC 70.12 41 104.58 3.32 67.53 50 111.55 3.66 68.54 30.33 92.64 3.04
EDL 6.87 21 27.05 0.86 8.34 14 21.82 0.72 7.57 11.74 18.62 0.61
Th 6.8 26 32.18 1.02 7.2 22 28.69 0.94 6.36 29.43 35.21 1.16dp

Th 10.13 53 62.21 1.97 8.34 25 32.11 1.05 9.19 34.51 42.86 1.41sp

SDF 47.82 36 79.47 2.52 45.73 27 68.78 2.26 47.64 22.44 65.75 2.16
DDF 93.35 46 130.86 4.15 95.54 34 121.15 3.98 94.19 36.66 122.29 4.01hh

DDF 3.45 20 23.14 0.73 5.26 23 28.18 0.93 4.41 29.68 33.69 1.11rh

DDF 26.21 54 77.83 2.47 25.82 22 45.27 1.49 24.97 33.96 56.66 1.86uh

MIO 24.21 0.0 22.01 0.70 23.12 0.0 21.02 0.69 21.87 0.00 19.88 0.65
Symbol :  MM=  muscle  mass,  D=  density,  FL=  fascicles  length,  PCSA=  physiological  cross-sectional  area,  BM=  body  mass,  (g)=  gram,  (Kg)  = kilogram; Name of the muscles
listed in Table 3

Table 9: Normalized muscle data for the muscles of antibrachium and manus region the of donkey
Architectural index (muscle fascicle length / muscle belly length ) 
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Donkey no.1 Donkey no. 2 Donkey no. 3 Donkey no. 4 Donkey no. 5 Mean of
------------------------------- ------------------------------- ------------------------------- ------------------------------- ------------------------------- -------------------------------

Muscle FL (mm) BL (mm) FL /BL FL (mm) BL (mm) FL /BL FL (mm) BL (mm) FL /BL FL (mm) BL (mm) FL /BL FL (mm) BL (mm) FL /BL FL (mm) BL (mm) FL /BL
ECR 10 260 0.04 40 258 0.16 50 256 0.20 21 263 0.08 30 261 0.12 30 260 0.117
EDO 8 179 0.05 6 180 0.03 41 182 0.22 4 176 0.02 7 183 0.04 13 180 0.073
FCR 2 209 0.01 68 215 0.32 80 212 0.38 14 210 0.07 51 213 0.24 43 212 0.202
FCU 10 279 0.04 9 281 0.03 18 282 0.06 21 283 0.07 4 280 0.02 12 281 0.044
ECU 5 274 0.02 7 267 0.03 3 270 0.01 20 271 0.07 17 272 0.06 11 271 0.039
EDC 20 211 0.10 10 209 0.05 30 210 0.14 41 210 0.19 50 208 0.24 30 210 0.145
EDL 11 178 0.06 8 183 0.04 5 180 0.03 21 179 0.12 14 181 0.08 12 180 0.065
Th 46 168 0.27 18 133 0.14 35 154 0.23 26 174 0.15 22 126 0.18 29 151 0.192dp

Th 48 170 0.28 16 168 0.10 31 173 0.18 53 172 0.31 25 170 0.14 35 171 0.202sp

SDF 15 255 0.06 22 245 0.09 12 256 0.05 36 254 0.14 27 251 0.11 22 252 0.089
DDF 22 21 1.05 29 24 1.21 52 27 1.93 46 26 1.77 34 25 1.37 37 25 1.465hh

DDF 43 91 0.47 12 90 0.13 50 93 0.54 20 92 0.22 23 89 0.26 30 91 0.325rh

DDF 30 203 0.15 50 201 0.25 14 205 0.07 54 202 0.27 22 203 0.11 34 203 0.168uh

MIO - - - - - - - - - - - - - - - - - -
Symbols : FL= fascicles length, BL= belly length, (mm) = millimeter; Name of the muscles listed in Table 3

Table 10:  Mean calculated  data for  tendon of the muscles of antebrachium and manus region of donkey
Muscle Mass (g) Volume (cm )  Length (mm) TCSA (cm ) PCSA (cm ) MISOVSM (MPa) MMIF (Fmax) TSfMIF(MPa) YMGPa TS %Gpa3 2 2

ECR 6.4 (5.7-7.3) 6(5-4 150(147-154) 0.040 154.74 0.3 46.42 1160.550 1.500 773.700
OEM 1.23 (0.9-2.1) 2(0.8-2.5) 130(126 -135 ) 0.008 18.76 0.3 5.628 703.500 1.500 469.000
FCR 1.7 (1.2 - 2.2) 2(1 - 3) 124(121 -126) 0.016 66.32 0.3 19.9 1243.500 1.500 829.000
FCU 0.8 (0.46-1.3) 0.7(0.6-0.9) 20(18 -23) 0.036 42.70 0.3 12.81 355.833 1.500 237.222
 ECU 1.9(1.2-2.4) 1(0.9 -2) 70(68 -72) 0.019 59.36 0.3 17.81 937.263 1.500 624.842
EDC 10.1(9.6-11.9) 9(6-11) 420(382-441) 0.021 92.640 0.3 27.79 1323.429 1.500 882.286
EDL 3.8(2.8-4.2) 3(2-5) 380(353 -412) 0.009 18.62 0.3 5.586 620.667 1.500 413.778
Th 0.1(0.08-0.3) 0.8(0.5-1.6) 160(146-192) 0.050 35.21 0.3 10.56 211.260 2.500 84.504dp

Th 1.3(1.0-1.6) 1(0.7-1.3) 240(266-291) 0.004 42.86 0.3 12.86 3214.500 3.500 918.429sp

SDF 19.8(16.2-22.5) 18(15-20) 329(326 -324) 0.055 65.750 0.3 19.73 358.636 1.500 239.091
DDF 32.7(29.5-35.3) 29(26 -31) 34(31-36) 0.853 122.290 0.3 36.69 43.009 1.500 28.673hh

DDF 0.6(0.3-0.9) 0.8(0.6 -1) 48(45-51) 0.017 33.690 0.3 10.11 594.529 1.500 396.353rh

DDF 1.3(0.9-1.5) 0.8(0.7 -0.9 ) 87(84-90) 0.009 56.660 0.3 17 1888.667 1.500 1259.111uh

MIO 20.3(16.3-32.1) 21(17.84 -24.23) 28.34(24.1-30.4 0.750 19.88 0.3 5.964 7.952 1.500 5.301
Symbol: T= tendon, B=Belly, MTU=muscle tendon unite, FL=fascicles length, TCSA=Tendon cross-sectional area, PA= Pennation angle, PCSA=Physiological cross-sectional area,
AIs=Architectural index, MISOVSM= maximum isometric stress of vertebrate skeletal muscle (0.3 MPa; [7, 8, 16 & 17]., MMIF= Muscle maximum isometric force, TSfmax=tendon stress
at maximum isometric force, YM=Young's modulus for tendon,TS %= tenton strain (%) at this maximum stress .In some muscle the fascicle length measurements where not possible due to
limits of the size and poor fascicle definition.: Name of the muscles listed in Table 3



Advan. Biol. Res., 4 (1): 45-64, 2010

61

Table 11: Comparisons of the different parameters of the muscle groups
Mass (g) Volume (cm )3

------------------------------------------------------------------------------------- ------------------------------------------------------------------------------
Carpal Fet lock Pastren Coffine Total digital Carpal Fet lock Pastren Coffine Total digital

Extension 142.90 16.76 74.90 74.90 91.66 Extension 49.3 18.52 53.24 35.24 71.76
Flexion 112.80 69.51 47.64 123.60 171.21 Flexion 102.75 49.00 49.00 107.00 135.00

Fasicles lengths (mm) Tendon cross section area (cm )2

-------------------------------------------------------------------------------------- --------------------------------------------------------------------------------
Carpal Fet lock Pastren Coffine Total digital Carpal Fet lock Pastren Coffine Total digital

Extension 43 47 59 59 106 Extension 0.048 0.013 0.025 0.025 0.38
Flexion 66 22 22 101 123 Flexion 0.71 0.81 0.055 0.88 0.93

Physiological cross section area (cm ) Maximal isometric force (N)2

------------------------------------------------------------------------------------- --------------------------------------------------------------------------------
Carpal Fet lock Pastren Coffine Total digital Carpal Fet lock Pastren Coffine Total digital

Extension 173.5 61.48 127.85 127.85 189.33 Extension 52.48 18.45 38.35 38.35 56.796
Flexion 168.38 85.63 65.75 212.64 278.39 Flexion 50.52 25.694 19.73 63.8 83.53

The muscle with the smallest PCSA  in  this  region was (0.21 cm ). The stresses exerted on this tendon at
was extensor carpai lateralis [18.62 (12.84 - 27.05] which maximum   isometric    force    reach   (937.26   Mpa)  and
accounting for 0. 61% of total (body mass) . This was the tendon  strain  (%)  at  this  maximum  stress   about 2/3

closely followed by oblique extensor of the metacarpus (624.84 Gpa).
[18.76 (8.69 - 48.42) cm ] which accounting for 0.61% of  The muscle with shortest tendon in the antibrachium3

total (body mass) . and manus region of the individual limb of donkey was 2/3

The Architectural Index (AI): The row data of the area of which was (0.036 cm ). The stresses exerted on this
calculated architectural index of the muscles of tendon  at maximum isometric force reach (355.83 MPa)
antibrachium   and    manus    region    of     the   donkey and the  tendon strain (%) at this maximum stress about
are  given  in  Table  4,  normalized  in  Table  9 by (237.22 Gpa).
dividing  the  muscle  fascicle  length/muscle   belly The  muscle  with  heaviest tendon of the
length and represented in figures 29. This gives a true antibrachium  and   manus   region   of   the  individual
indication of the length of the fascicles in relation to the limb of donkey was humeral head of deep digital flexor
size of the muscle. [32.7 (29.5 - 35.3) g]. The cross section area of which was

All the muscles of the antibrachium and manus region (0.85 cm ). The stresses exerted on this tendon at
of  the  individual  limb  of  donkey  had  AI  of  greater maximum isometric force reach (43.00 MPa) and the
than 0.04. tendon   strain (%)   at   this   maximum   stress  about

Other muscles with reasonably high AI included (28.67 Gpa).
humeral head of flexor digitorum profundus (1.46), radial The muscle with lighter tendon in the antibrachium
head of flexor digitorum profundus (0.33) and both the and manus region of the individual limb of donkey was
deep part of muscle of thiernesse and flexsor carpi radialis deep  part  of  muscles  of  Thiernesse [0.1 (0.08 - 0.3) g].
(0.20). The   cross    section    area    of   which    was   (0.05cm ).

The AI of extensor carpai ulnaris (0.039) and flexor The stresses exerted on this tendon at maximum isometric
carpai ulnaris (0.044) were exceptionally low, indicating a force reach (211.26 MPa) and the tendon strain (%) at this
high degree of pennation. maximum stress about (84.50 Gpa).

Tendon:  The   row   data   of   tendons  (mass,   volume Muscle Groups: The results of the estimation of the
and rest length)  provided  in  Table  4  and  the maximum functional muscle mass, volume, fascicles
calculations (cross-sectional area (CSA), stress at lengths and PCSA as well as the F  that could either flex
maximum  isometric  force  and  Strain  %  at  this  stress) or extend each joint was represented in charts Table 11
was provided in Table 10 and represented in figures 30, and Fig 35, 36, 37 and 38.
31, 32 respectively. Within the function groups, the greatest proportion

Most tendons in the distal limb were comparatively of muscle volume (107.00 cm ) as well as the highest
longer  with  small  CSAs.  The muscle with longest capacity for force generation (63.8 N) was for the coffine
tendon in the antibrachium and manus region of the flexors. Many of these muscles were also in series with
individual limb of donkey was common digital extensors long tendons and thus were functionally suited to elastic
[420  (38.2  -  44.1) mm]. The cross section area of which energy storage.

2

flexor carpai ulnaris [20 (18 -23) mm]. The cross section
2

2

2

max

3
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DISCUSSION of total body mass as (0.75%). This value for relative mass

The architecture of the muscles of the antibrachium
and manues region of the donkey has been quantified. In
addition, the functional division of muscle mass, volume,
fascicle  length,  pennation  angle  as  well  as  PCSA, AI
and F  was established. Using discriminant analysis, thismax

study demonstrated that the key muscle features is its
PCSA and fiber length. Alexander et al., [27] suggested
that a decrease in fiber length in the distal muscle of the
large animals would be compensating for long elastic
tendons. In muscle with short fibers (as the muscle of the
antibrachium and manues region of the donkey) the fibers
can be packed into the muscles to increase its PCAS, so
the muscle can generate higher forces and use the elastic
tendon to for energy storage and release providing more
efficient muscle tendon movement in large animals.

Differing in architecture of muscles enabled some
smaller volume muscles with short fibers to have a
relatively large PCSA and therefore relative force-
generating  capacity  of  a  muscle  differed  from  the
muscle volumes. Distally (in antibrachium and manues),
very  small  functional  volumes are available for carpal
and digital flexion and extension. This highlights the
replacement of distal muscle volume with tendon. This
phenomenon has been described many times before in
various animals [14, 22, 28 , 29].

A Second aspect of muscle architecture that provides
insight into function of the muscle is the muscle scaling.
Prior studies of muscle scaling have looked at how
absolute rather than relative variables scale with body size
[27]. In the present study we scaled the muscle mass and
volume with the body size and the fascicle length with the
muscle length. The calculation of architectural index
(fascicle length/muscle length) enabled comparison of
relative fiber length between muscles. With the exception
of the humeral head of flexor digitorum profundus (1.465);
the architectural index was ranged between (0.039 - 0.325)
smallest AI values were those of the aforementioned
pennated fibred both flexor and extensor carpi ulnaris
(both around 0.4), extensor digitorum laterals superficial
digital flexors (0.65 - 0.089 respectively).

It is useful to study the functional distribution of
muscle mass within the limb to give an overall picture of
the functions of muscle groups at joints as well as to give
further information on roles of individual muscles mass in
locomotion. The distribution of limb mass is also likely to
be important in maintaining a generalized structure of the
thoracic  limb to facilitate non-locomotors activities [14].
In this study the total muscle mass of the distal part of the
thoracic limb was found to account for as small proportion

is of a great deal suggesting that this musculature is much
better adapted for running locomotion. The relative
reduction in distal limb mass is a consistent feature of
animals adapted for high-speed locomotion [4, 28, 29 ,30]
and supports the observation that high-speed animals
have lighter distal limbs [31, 32].

Pennation angle is another aspect of muscle
architecture that provides insight into muscle function
and varies widely between muscles. However, research
has shown that pennation angle has little influence on
muscle function, particularly when the angles are less
than 20° or [33]. This is because, in pennate muscle, the
force transmitted to the tendon is the product of PCSA
and cos of the pennation angle. The cos of angles less
than 20° is close to 1.0 and thus pennation angle has very
little effect on force transmission [34]. In the present
study, the mean of the individual values of pennation
angle varied from 0 to 45°, with the majority of muscles
showing an angle greater than 20°. A highly pennated
fascicular arrangement was also observed in several of
muscles  such  as  both flexor carpi radialis and ulnaris
(the mean pennation angle of both are 45°), ulnar head of
flexor digitorum profundus, muscle of thiernesse
Superficial  head   (both   had   mean   pennation   angle
near 32°). The pennate nature of the these muscle
suggests it has an important role in stabilizing the distal
limb joints during stance and also a ‘stiffer’ thoracic limb
to be more beneficial  in  terms  of  supporting  the  body
during high-speed running.

In terms of functional groups, in spite of the isometric
force-generating capacity of the carpal extensors and
flexors nearly equal (52.48 N - 50.52 N respectively), the
ratio between them was less than that of their volume
(49.3 cm  - 102.8 cm  respectively). This could be explained3 3

on the basis of both groups have differing architecture as
the carpal extensors have shorter fascicle length (43 mm)
and relatively large PCSA (173.5cm ) than those of the2

carpal flexors which have relatively longer fascicle length
(66 mm) and smaller PCSA (168.4 cm ). Additional2

improvements  coming  from comparison of the isometric
force-generating capacity of the digital flexors and
extensors.  The  digital flexors still had a greater force-
generating capacity (83.53 N) than that of the digital
extensors (56.79 N) but the ratio between them was less
than that of their volume (71.76 cm  to 135 cm ). At  the3 3

same  time total  digital  PCSA  of  the  digital flexors
(278.39 cm ) exceeded that of digital extensors (189.33 cm )2 2

in spite of, the ratio between the digital flexors   and
extensors    fascicle  length   is   too  close (106-123 ).cm2
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This is due to the existence of many short fibred muscles, 3. Bodine, S.C., R.R. Roy, D.A. Meadows, R.F. Zernicke,
which resulted in high PCSA and the large PCSAs of
these muscles lead to a high force-generating capacity of
the digital flexors despite their making a relatively small
contribution to the total volume.

The principal function of tendons is to attach muscle
to bone; however, they function to reduce distal limb
inertia especially in the distal limb [13]. In addition, some
are capable of elastic energy storage [22] especially
equine thoracic superficial and deep digital flexor tendons
[29].  The highest estimated stresses and strains of
donkey  thoracic limb tendons were not in the digital
flexor  tendons,  as  might  be  expected,  but  in  Thsp

(3214.5  for stress  and  819.4  for  strain)  (Table  10).
These, however, were still small, compared with the
strains estimated in Gastrocnemius in pelvic limb tendons
[13]. FDS and the three heads of FDP were estimated to
achieve stresses of (358.6 and 2526.2 respectively) and
strains of (239.0 and 1684.1 respectively), values nearer
those seen  in the majority of pelvic limb tendons.
Tendon elongation ratio to muscle fascicle length gives
an index of the relative importance of muscle vs. tendon
length changes and strain energy storage capabilities at
maximum load.

The ratios of tendon length to muscle fascicle length
for most of these muscles were high [above which the
tendon can be said to be capable of elastic energy storage
[20]. This is suggesting that these MTUs possess high
functional component of passive length change, therefore
acting as biological ‘springs’.

In conclusion, the pennate nature of the muscle of
the antibrachium and manues of the donkey suggests
that, it has an important role in stabilizing the distal limb
joints during stance and also a ‘stiffer’ thoracic limb to be
more beneficial in supporting the body during high speed
running. The tendons of these muscles compensate the
reduction in their volume and possess high functional
component of passive length change, therefore acting as
biological ‘springs’.
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