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ABSTRACT 

Brachial plexus birth injury has a reported incidence of 1 to 4 per 1000 live births. During 

complicated deliveries, neonatal, maternal, and other birth-related factors can cause over-

stretching or avulsion of the neonatal brachial plexus leading to injury. Understanding 

biomechanical responses of the neonate brachial plexus when subjected to stretch can 

offer insight into the injury outcomes while guiding the development of preventative 

maneuvers that can help reduce the occurrence of neonatal brachial plexus injuries. This 

review article aims to offer a comprehensive overview of existing literature reporting 

biomechanical responses of the brachial plexus, in both adults and neonates, when 

subjected to stretch. Despite the discrepancies in the reported biomechanical properties 

of the brachial plexus, the studies confirm the loading rate and loading direction 

dependency of the brachial plexus tissue. Future studies, possibly in vivo, that utilize 

clinically relevant neonatal large animal models can provide translational failure values of 

the biomechanical parameters for the neonatal brachial plexus when subjected to stretch.   

  



Journal of Biomechanical Engineering 

1Anita Singh, PhD  BIO-20-1543 3 

Introduction 

Despite improvements in obstetric care, brachial plexus birth injury (BPBI) continues to be 

reported among newborns with a worldwide incidence of 1 to 4 per 1000 live births [1-8]. 

BPBI results from over-stretching of the brachial plexus (BP) and/or avulsion of the BP 

spinal nerve roots (i.e., C5 – Th1, C: cervical and Th: Thoracic) during complicated birthing 

scenarios [2; 4; 7-11]. Shoulder dystocia, a birthing scenario where the fetal shoulder 

impacts against the mother's pubic symphysis, is strongly associated with BPBI [1-3; 8]. 

Other associated risk factors of BPBI can be divided into three categories: (1) neonatal, 

(2) maternal, and (3) birth-related. Neonatal risk factors include high birth weight (i.e., 

>4000 grams), which has also been strongly associated with shoulder dystocia [1-5; 8].  

Maternal risk factors include age (i.e., >35 years), obesity, abnormal pelvic anatomy, 

gestational diabetes mellitus, and previous shoulder dystocia complication [1-5; 8]. Birth-

related risk factors include increased duration and management of labor and delivery 

mode (i.e., vaginal, cesarian, vacuum, or forceps) [1-5; 8]. During complicated scenarios, 

BPBI lesions can occur due to over-stretching of the BP nerve segments, avulsion of the 

spinal nerve roots, or a combination of both lesions [2; 4; 5; 7; 10; 11]. The severity of the 

injury is only determined after the first three months of birth, with spontaneous recovery 

reported in 70-90% of affected infants [4; 7; 8; 12], and permanently reduced range of 

motion, and decreased strength, size, and girth of the affected muscles reported in 20-

30% of the affected infants [6; 9; 13]. Delayed prognosis of BPBI can be attributed to the 

poor understanding of the biomechanical responses of the neonate BP when over-

stretched during complicated deliveries.  

 Currently available literature on the biomechanical response of BP when stretched 

remains limited and variable [14-24]. The reported variability of the BP stretch response 

can be attributed to the anatomical complexity of the BP, tissue processing (i.e., fixed 
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versus unfixed tissues), and variable methodology in measuring elongation of the BP 

tissue. Additionally, most of the reported data are based on adult human cadaveric tissue 

[14-20] or adult animal tissue [21-23], except for one study that utilized a neonatal piglet 

model [24]. Ethical limitations in obtaining biomechanical data from human neonate BP 

imposes the need to rely on data obtained from adult human cadaveric tissue [14-20] or 

animal [21-24] studies. This review article offers a comprehensive summary of published 

studies that have reported the tensile biomechanical responses and failure values of BP 

tissue when subjected to stretch. Furthermore, this review highlights the limitations of 

previously published studies, related research gaps, and potential future directions in the 

study of the neonatal BP. 

Anatomy of the Brachial Plexus 

BP is a complex network of nerves responsible for providing motor and sensory 

innervation to the upper extremities [4; 7; 8; 25]. Originating as an extension from the 

ventral rami of C5 through Th1 spinal nerve roots, the BP is organized into five zones, 

namely roots, trunks, divisions, cords, and terminal nerve branches [4; 7; 8; 25], as shown 

in Fig. 1. The roots are divided as the upper (i.e., C5-C6), middle (i.e., C7), and lower (i.e., 

C8-Th1) trunks [4; 7; 8; 25] and form the posterior and anterior divisions. The cords, 

formed from these divisions, are divided into lateral, medial, and posterior cords that 

bifurcate into the five terminal nerve branches: musculocutaneous, axillary, median, radial, 

and ulnar [4; 7; 8; 25].  

Classification of Brachial Plexus Injury  

BP injuries can be classified as neuropraxia, axonotmesis, and neurotmesis, following 

lesions to any of the neural structures (i.e., axons, myelin sheath) or connective tissue 

structures (i.e., epineurium, perineurium, endoneurium), as shown in Fig. 2 [26-31]. 

Neuropraxia lesions follow damage to the myelin sheath with intact axonal and connective 
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tissue structures (Fig. 2B) [26; 27; 30]. Axonotmesis observes axonal loss and disruption 

of the myelin sheath with preservation of the supporting connective tissue structures (Fig. 

2C) [26; 27; 30]. Neurotmesis, the most severe injury, is characterized by a complete 

transection of axons, myelin sheath, and surrounding connective tissues (Fig. 2D) [26; 27; 

30]. 

Methods 

Publications included in this review were based on a Boolean search of the PubMed 

database with search keywords: brachial plexus, neonate, neonatal, tensile properties, 

biomechanical properties, mechanical properties, biomechanical testing, mechanical 

testing, stretch, tension, stretching, stress, and strain. 

Findings 

Search results from combinations of aforementioned keywords are summarized in Fig. 

3A. After excluding non-English results, remaining search results were screened for 

eligibility, and duplicate studies were removed. Published studies (1986 to 2020) eligible 

for this review examined the failure tensile biomechanical properties of the BP in both 

human and animal models, and reported parameters such as failure load, stress, strain, 

and elastic modulus (Fig. 3B). Eleven relevant articles in the English-language were 

included in this review paper. Seven of these studies used fixed and unfixed adult human 

cadaveric tissue [14-20], four studies utilized animal models, of which three studies used 

adult animal models [21-23], and one used a neonate animal model [24].  

Overview of Biomechanical Responses in Peripheral Nerves During Stretch  

Several studies on peripheral nerves have shown the biomechanical response to be 

related to the type of nerve fiber injury [26], the proportion of the number of fascicles 

between nerves [32], injury to either surrounding connective tissue structures [26; 32], and 

testing methodologies (i.e., loading rate, loading direction) [14-24; 33; 34]. Studies have 
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shown stretching of a nerve can result in perineural damage while the nerve appears 

grossly intact [32; 35]; furthermore, damage can also occur at multiple sites; therefore, 

gross inspection may not accurately identify the level of injury [32; 35]. In addition, nerves 

have been shown to exhibit viscoelastic properties, which protect the nerves during normal 

range of motion [32; 35] and help keep the structural integrity of the nerve fibers [32]. 

Therefore, it is critical to differentiate between biomechanical responses of nerves during 

normal range of motion versus injury both at slow- and rapid-loading rates (i.e., failure 

biomechanics). Limited information is available on the neonatal BP biomechanical 

properties, which is critical to further our understanding of the injury mechanism of BPBI.  

Tensile testing of peripheral nerves has been performed to quantify its 

biomechanical response during stretch [26; 32; 35; 36]. A known force or known 

elongation is applied, while the elongation or force of the specimen is measured, 

respectively [36]. A typical load-elongation curve obtained from such testing is shown in 

Fig. 4A. The obtained load-elongation data is used to report biomechanical properties 

including: (1) maximum load [N] (highest peak on the load-displacement curve), (2) strain 

[%] (calculated by dividing the change of length over the original length), (3) stiffness 

[N/mm] (calculated slope of the linear region of the load-elongation curve), (4) stress [MPa] 

(calculated by dividing the load over the cross-sectional area of the tissue), and (5) elastic 

modulus [MPa] (calculated slope of the linear region of the stress-strain curve) (Fig. 4A 

and 4B).  

In vitro BP Studies in Adult Cadaveric Tissue  

Current literature on tensile biomechanical response of human BP tissue is limited to adult 

human cadaveric tissue [14-20]. Destandau et al., 1986 stretched 48 intact cervical spinal 

nerve roots obtained from fresh human cadavers at a rate of 600 mm/min until mechanical 

failure occurred using a tensile testing device (Unité 103, INSERM, French National 
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Institute of Health and Medical Research) [14]. Individual spinal nerve roots (n = 48, two 

spinal nerve roots not included because of length and dissection error) from 10 anterior 

branches of five fresh spines were stretched (Fig. 5A) [14].  The observed biomechanical 

response from the load-displacement curve began with an ascending slope defining the 

elastic region until a maximum peak force was observed (i.e., mechanical failure of the 

tissue), which was then followed by a descending slope due to subsequent gross ruptures 

of the tissue from its attachments [14]. The average rupture force for each BP spinal nerve 

root is shown in Fig. 5B. Avulsion-type injuries were reported in 16 out of 48 spinal nerve 

roots at an average rupture force of 69.3 ± 27.8 N, and non-avulsion rupture-type injuries 

were reported in the remaining 32 spinal nerve roots at an average rupture force of 79.3 

± 26.3 N (Fig. 6). Furthermore, spinal nerve roots C8 (6/16) and Th1 (6/16) avulsed more 

frequently compared to other spinal nerve roots (C5 (1/16), C6 (2/16), and C7 (1/16)) [14]. 

The C5, C6, and C7 spinal neve roots were found to be more resistant to avulsion-type 

injuries, compared to C8 and Th1 spinal nerve roots (Fig. 7A), because the dura mater 

and foraminal connections (i.e., protection mechanism of spinal nerves against stretch) 

are stronger [14]. The average rupture force of avulsion and non-avulsion injury-type of 

each BP spinal nerve root is shown in Fig. 7B.  

In another study, Ma et al., 2013 studied the in vitro mechanical properties of the 

human ulnar (n = 4) and median (n = 2) nerves that are BP terminal nerve branches [18]. 

Fresh nerves were harvested and stretched at a rate of 3 mm/min. Both ends of the nerves 

were clamped with one end attached to a load cell (LSB200 Miniature S Beam, FUTEK 

Advanced Sensory Technology, Irvine, CA) and the other to a motorized linear translation 

stage (MTS25X, THORLABSS, Newton, NJ). The study reported in vitro mechanical 

properties of the ulnar and median nerves to be comparable and highly hyperelastic and 

viscoelastic [18].  
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Effect of Loading Rate  

Loading rate-dependency of BP tissue properties has also been investigated in human 

cadaveric studies. Marani et al., 1993 reported the mechanical response of formalin-fixed 

(n = 20) and unfixed (n = 2) adult human cadaveric BP tissue subjected to stretch at 

varying loading rates using a tensile testing machine (Hounsfield HT, England). A total of 

16 BP tissues were clamped at both ends and stretched to mechanical failure at the 

following rates: 10 mm/min, 20 mm/min, 50 mm/min, and 500 mm/min [15]. Two formalin-

fixed and two unfixed BP tissues were tested at each of the four rates. Rupture was 

observed mostly at the moving clamp side. The biomechanical response of formalin-fixed 

and unfixed BP tissue also exhibited an initial ascending slope describing the elastic 

region followed by maximum force and then descending stepwise slope during rupture. 

The observed response was similar to that reported by Destandua et al., 1986 in BP spinal 

nerve roots [14; 15]. The authors attributed the stepwise slope after maximum force to 

represent ruptures of individual nerve fibers, which suggest subsequent perineurial 

sheaths resisted rupture separately after the initial epineural rupture [15]. The authors also 

found the mechanical work for total rupture of the tested BP tissue to be twice the initial 

rupture value [15]. Furthermore, at lower rates, nerves elongated up to one-third of their 

resting length before rupture as compared to faster rates where elongation reduced to 

1/30th or 1/20th of the resting length of the nerve before rupture [15]. The effect of formalin-

fixed versus unfixed BP nerve tissue biomechanical responses are discussed in a later 

section.  

Effect of Loading Direction 

Given that injury to the BP complex can be observed as either spinal nerve root avulsion, 

nerve rupture, or a combination, studying the entire BP complex (often referred to as 

intact) under mechanical stretch in varying loading directions, is necessary. A few human 
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cadaveric studies have investigated the effect of loading direction on intact BP complexes 

during mechanical stretch to confirm that loading direction directly influences the failure 

site [16; 17; 19].  

Zapalowicz et al., 2000 reported that a direct lateral traction resulted in 

predominantly avulsion-type injures of intact BP complexes  [16]. Eleven fresh, intact BP 

complexes (three unilateral and four bilateral) from seven adult human cadavers, with no 

history of neurological disease, were harvested after isolating them from the surrounding 

muscles and connective tissues, and after cutting the BP terminal nerve branches at the 

axilla [16]. The intact BP complexes were then stretched to complete rupture at a rate of 

10 mm/min using a tensile testing apparatus (INSTRON, Norwood, MA). The BP terminal 

nerve branches were clamped at the moving end of the tensile testing apparatus, and the 

spinal column was secured such that the pulling force was in the lateral direction. Out of 

the 11 stretched intact BP complexes, the initial injury occurred twice C5, once at C5 and 

C6, once at C7, thrice at C8, once at C8 and Th1, once at the upper trunk, and twice at 

the cords. For avulsion-type injures of intact BP complexes pulled in a direct lateral 

traction, the reported average rupture force was 388.5 N (range: 217.7–546.3 N), average 

rupture stress was 2.6 MPa (range: 1.3–3.5 MPa), and average elongation at rupture was 

38.6% (range: 19.6–58.8%) [16]. It was observed that a direct lateral traction led to 

predominantly avulsion-type injury that started from the anterior margin of the epineurium 

tearing it away from the intervertebral foramen. The authors postulated that the anterior 

margin of the epineural attachment was more susceptible to tearing away from the 

intervertebral foramen in comparison to the posterior margin because of the weakened 

bindings between the transverse processes [16].  

In another study, Zapalowicz et al., 2005 used 30 fresh human intact BP 

specimens obtained from 15 adult cadavers (average age 38 years, range 19–55 years) 
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that were divided into three groups. Each group had ten intact BP complexes that were 

stretched at three distinct loading directions (45º caudal, perpendicular, parallel with 

respect to the midline of the spinal column) until mechanical failure at a rate of 200 mm/min 

using an INSTRON 4000 (INSTRON, Norwood, MA) testing apparatus [17].  Similar to 

their previous study [16], the BP terminal nerve branches were clamped at the moving end 

of the testing apparatus and the spinal column was positioned and secured such that 

pulling force was 45º caudal (Group 1), perpendicular (Group 2), or parallel (Group 3). As 

reported by Destandua et al., 1986 in BP spinal nerve roots and Marani et al., 1993 in BP 

nerve tissue, this study also demonstrated an initial ascending slope, followed by 

maximum force and then a descending slope that characterized the intact BP complex 

load-displacement response when stretched [14; 15; 17]. Loading force direction did not 

have an effect on the biomechanical response; however, the authors reported loading 

force direction influenced the initial injury-type (avulsion- or rupture-type) of intact BP 

complexes. Of the 30 intact BP specimens, a total of 70 initial lesions were identified where 

22, 26, and 22, occurred in Group 1, Group 2, and Group 3, respectively [17]. In the 45º 

caudal load pulling direction (Group 1, n = 22), nine avulsions (9/22, 41%) and 13 ruptures 

(13/22, 59%) were observed at the failure force. When stretched perpendicular to the 

midline of the spine (Group 2, n = 26), 23 avulsions (23/26, 88%) and three ruptures (3/26, 

12%) were observed, and when stretched parallel to the midline of the spine (Group 3, n 

= 22), four avulsions (4/22, 18%) and 18 ruptures (18/22, 82%) were observed, as first 

lesion types at failure force (Fig. 8) [17]. While the authors did not report the failure forces 

and strains with respect to loading direction, they did report the average failure force and 

average elongation of intact BP complexes to be 630 N (range: 365–807 N) and 37% 

(range: 23–53.5%), respectively. 
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The authors postulated that the loading direction directly influenced the variable 

forces that were experienced by the epineurium of the cervical spinal nerve roots and 

transverse vertebral processes [17; 37] such that stretching intact BP complexes 

perpendicular to the loading force (Group 2) weakened the bindings between the 

epineurium and transverse processes, thereby making the intact BP complex more 

susceptible to avulsion-type injuries at the spinal nerve roots [17; 37]. In Groups 1 and 3, 

BP complexes were more resistant to avulsion-type injuries because the bindings between 

the epineurium and transverse processes pressed together, thus resisting avulsion-type 

lesions, but weakening the nerves that extended from the spinal nerve roots resulting in 

more rupture-type lesions [17].  

In a more recent study, Zapalowicz et al., 2018 stretched 30 fresh intact adult 

human cadaveric BP complexes (average age 38 years, range 19–55 years) in three 

different loading directions (45º caudal, perpendicular, parallel with respect to the midline 

of the spinal column) until failure at a rate of 200 mm/min using an INSTRON 4000 

(INSTRON, Norwood, MA) tensile testing machine [19]. All 30 specimens were equally 

divided into the three groups (n = 10), and the loading force was applied in a 45º caudal 

direction (Group A), perpendicular direction (Group B), or parallel direction (Group C), as 

shown in Fig. 9A. The reported average maximum force for BP failure in Group A, Group 

B, and Group C were 665.0 ± 83.9 N, 588.0 ± 115.7 N, and 632.0 ± 85.8 N, respectively 

(Fig. 9B). No strain data were reported.  

From the 30 tested intact BP complexes, a total of 89 avulsion-type and 51 rupture-

type injuries were observed (a total of 140 lesions) [19]. As reported in their previous 2005 

study, intact BP complexes pulled with loading force perpendicular to the spinal column's 

midline (Group B) observed the most avulsion-type injuries (41/89, 46%) [17; 19]. Spinal 

nerve roots C6 (10/41, 24.3%) and C7 (10/41, 24.3%) avulsed most frequently with a 
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perpendicular loading direction [19]. From the total avulsion-type injures in the three tested 

groups, spinal nerve roots C7 (20/89, 22.5%), C8 (20/89, 22.5%), and Th1 (20/89, 22.5%) 

avulsed most frequently (Fig. 10A) [19]. These findings are similar to those reported by 

Destandau et al., 1986, who also reported more frequent avulsion injuries of spinal nerve 

roots C8 (6/16, 37.5%) and Th1 (6/16, 37.5%) even at an increased loading rate of 600 

mm/min [14]. Most rupture-type injuries were observed in Group A (24/51, 47%), followed 

by Group C (19/51, 37%), and then in Group B (8/51, 16%) [19]. In Groups A and C, 

rupture occurred at either the divisions (10/24, 42%, 7/19, 37%, respectively) or cords 

(9/24, 37.5%, 38/51, 74.5%, respectively) [19]. Overall, rupture lesions most frequently 

occurred at either the divisions or cords (38/51, 74.5%) and not the anterior rami or trunks 

(13/51, 25.5%) (Fig. 10B) [19]. 

These studies demonstrate a direct correlation between loading direction and the 

observed initial anatomical lesion [17; 19]. The studies also confirm that the observed 

biomechanical response of intact BP complexes are similar among the three distinct 

loading directions while initial lesion site differs, which the authors attribute to the binding 

of the epineurium and transverse process [17; 19].  

Effect of Fixation 

Feasibility and time constraints associated with biomechanical testing of fresh human 

cadaveric tissues warrant preservation of the tissue. However, fixation can affect the 

biomechanical responses of the studied tissue. Two studies have reported the effect of 

fixation, as well as type of fixation on the tensile properties of BP nerve tissue.   

Marani et al., 1993 performed tensile testing on formalin-fixed and unfixed adult 

human cadaveric BP tissue at varying loading rates. It was found that formalin-fixed BP 

nerves better resisted the forces needed for rupture compared to unfixed BP nerves [15]. 

The reported stress values of formalin-fixed and unfixed BP nerves were 0.25 MPa and 



Journal of Biomechanical Engineering 

1Anita Singh, PhD  BIO-20-1543 13 

0.14 MPa, respectively. The authors further found that both formalin-fixed and unfixed BP 

tissue did not show differences in their elongation responses [15].   

In contrast to Marani’s study, a more recent study by Stouthandel et al., 2020 

reported no effect of Thiel (i.e., a soft embalming technique used to maintain the natural 

feel and look of tissue) fixation on the tensile biomechanical response of the median nerve, 

a BP terminal nerve [38; 39]. Nine (six female and three male) adult human cadavers (78 

± 17 years old) were used. Before Thiel fixation, the median nerve of either the left or right 

wrist (chosen randomly) was harvested. Then, after Thiel fixation, the median nerve of the 

contralateral arm was harvested. Using an INSTRON 5994 with a static load-cell of 500 N 

(INSTRON, Norwood, MA) testing machine, the median nerves were stretched to failure 

at a strain rate of 0.5% per second [20]. The reported average Young’s modulus values of 

Thiel-fixed and unfixed and median nerves were 7.45 ± 3.40 MPa and 9.20 ± 1.20 MPa, 

respectively (Fig. 11A) [20]. Using a paired Wilcoxon signed-rank test, the authors found 

that Thiel-fixed and unfixed median nerves did not significantly differ in elasticity (V = 10, 

p = 0.313) [20]. Also, similar stress-strain responses between the Thiel-fixed and unfixed 

median nerves (Fig. 11B) were reported, demonstrating Thiel fixation did not alter the 

underlying biomechanical response [20].  

Summary of in vitro BP Studies in Adult Cadaveric Tissue  

In summary, the available studies (Table 1) using human cadaveric BP tissue offer some 

understanding of the biomechanical properties of BP tissue when stretched to failure, such 

as:  

• BP spinal nerve roots C8 and Th1 avulse more frequently than the C5 and C6  

spinal nerve roots [14; 19].  

• BP failure threshold varies considerable with average failure force ranging from 

69.3 N to 807 N, average failure stress from 0.14 MPa to 3.5 MPa, average strain 
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at failure force from 19.6% to 58.8%, and average elastic modulus from 7.45 MPa 

to 9.20 MPa [14-20]. 

• BP tissues exhibit rate dependency such that increasing loading rate corresponds 

to higher failure forces [15-17].  

• Loading direction influences initial injury-type (avulsion vs rupture) in intact BP 

complexes such that avulsion-type injuries occurs more frequently in lateral [16] 

and perpendicular loading direction [17; 19], compared to 45° caudal and parallel 

loading direction, which results in more rupture-type injuries [17; 19].  

• Type of fixation may have an effect on the biomechanical properties of BP nerves 

[15; 20]. 

In vitro BP Studies in Adult Animal Models 

A few studies have investigated biomechanical responses of the BP complex using adult 

animal models. Kawai et al., 1989 performed stretch studies on the BP of adult rabbits (n 

= 19) at three distinct loading directions (upward, lateral, downward) until mechanical 

failure. To identify the stress and strain needed for an avulsion- or rupture-type lesions of 

the BP, the C6 nerve root level of six out of the 19 adult rabbits were isolated from the 

other nerve roots and stretched laterally (n = 3) for avulsion-type injury and downward (n 

= 3) for rupture-type injury at a rate of 500 mm/min using an axial-loading testing apparatus 

with a graphic recorder (Shimadzu Autograph S-500-C, Shimadzu, Kyoto, Japan). The C6 

nerve root avulsion average failure stress and strain were reported to be 26 MPa (range: 

23–27 MPa) and 9%, respectively; while the average failure stress and strain for C6 nerve 

root rupture were 46 MPa (range: 44–49 MPa) and 7%, respectively [21]. The observed 

average failure stress was twice as much for a C6 rupture-type injury than a C6 avulsion-

type injury, while the reported strains at failure were similar. The authors attributed the 

observed difference in the failure stress between avulsion- and rupture-type injuries to the 

lack of perineurium, a nerve structure that most resists over-stretching, in the nerve roots 
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[21].  The effect of loading direction on the BP biomechanical responses reported in this 

study is discussed in a later section. 

In another study, Takai et al., 2002 performed tensile testing on the lower BP trunk 

of adult rabbits. The lower BP trunks of adult rabbits (n = 6) were isolated, dissected free, 

anchored to an axial tensile testing set-up (Shimadzu Autograph AGS-500B, Shimadzu, 

Kyoto, Japan), and stretched to failure at a rate of 10 mm/min [22].  The reported average 

values for maximum tensile force, ultimate tensile stress, ultimate strain, and elastic 

modulus were 16.9 ± 2.7 N, 6.9 ± 0.39 MPa, 24.0 ± 1.1%, and 28.5 ± 1.8 MPa, respectively 

[22].  

Phillips et al., 2004 also performed tensile testing on median and sciatic nerves 

obtained from joint and non-joint sections of an adult rat animal model to identify if regional 

differences (i.e., joint versus non-joint nerve sections) existed in the biomechanical 

properties of the nerve [23]. Using a Testometric 220M (Testometric Co Ltd, Rochdale, 

UK), the samples were stretched until failure at a rate of 10 mm/min. Although failure 

tensile properties were not reported directly, the authors reported a stiffness ratio (i.e., 

stiffness of joint specimen divided by the stiffness of non-joint specimen). For the median 

and sciatic nerve, the average stiffness ratio was less than 1 (i.e., 0.5 ± 0.07 and 0.8 ± 

0.02, respectively) [23]. The authors concluded that nerve regions near the joint to be 

more compliant compared to nerve regions farther away from the joint (i.e., stiffer nerve 

regions farther away from the joint) [23]. This finding further adds complexity to 

understanding the biomechanical properties of the BP peripheral nerves, since 

heterogeneity contributes to variations in tensile biomechanical responses.   

Effect of Loading Direction 

Similar to the previously reported studies in in vitro human cadaveric studies [16; 17; 19], 

animal studies also reported loading direction to influence the injury type of intact BP 
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complexes. Kawai et al., 1989 performed stretched 13 intact BP complexes using an adult 

rabbit animal model at three distinct loading directions (upward (n = 5), lateral (n = 5), and 

downward (n = 3)). The BP complexes of euthanized rabbits were explored and isolated, 

such that the upper limb was connected to the neck only by the BP [21]. Intact BP 

complexes (upward (n = 5), lateral (n = 5), and downward (n = 3)) were stretched to 

mechanical failure at a rate of 500 mm/min for each loading direction using an axial-

loading apparatus with a graphic recorder (Shimadzu Autograph S-500-C, Shimadzu, 

Kyoto, Japan) [21].  

Average failure force was 20 N (range: 16–23 N) in upward loading direction, 23 

N (range: 19–31 N) in lateral loading direction, and 38 N (range: 36–39 N) in downward 

loading direction (Fig. 12) [21]. In both upward and lateral loading directions, a 

combination of avulsion- and rupture-type lesions were observed, with avulsion injuries 

being more frequent. In these two loading directions, all C5 nerves were rupture-type 

lesions, C6–C8 were all avulsion-type lesions, and Th1 observed 7/10 (70%) avulsions 

and 3/10 (30%) ruptures [21]. When stretched upward and lateral, spinal nerve root Th1 

failed first, followed by C8, C7, C6, and C5 spinal nerve root levels. In the downward 

loading direction, rupture-type injuries were predominantly observed [21]. Similar to the 

findings of Zapalowicz et al., 2005 and 2018, Kawai et al., 1989 also reported loading 

direction to influence the type of injury observed (avulsion versus rupture injury-type) [17; 

19; 21].  

Effect of Loading Rate 

No study has reported the effect of loading rate on BP tissue properties using adult animal 

models.  

Summary of in vitro BP Studies in Adult Animal Models 
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The reported in vitro biomechanical properties of the BP in adult animal models (Table 2), 

provides an understanding of the biomechanical properties of the BP, such that:    

• BP spinal nerve roots C6, C7, C8, and Th1 avulse more frequently than C5, which 

primarily undergoes rupture-type injuries [21].   

• The reported BP failure thresholds varies considerably such that the average 

failure force ranges from 16 N to 39 N, average failure stress from 6.9 MPa to 49 

MPa, and average failure strain from 7% to 24% [21-23].  

• Differences in species affects the tissue response because of variation of BP tissue 

dimensions such as size, diameter, length, and fiber pattern, as well as spinal 

nerve roots defining the BP [40; 41]. 

o Anatomical exploration revealed rabbit BP extends from spinal nerve roots 

C5, C6, C7, C8, Th1, and Th2 (sometimes) and has an upper and lower 

trunk; while the rat BP extends from C5, C6, C7, C8, and Th1 spinal nerve 

roots and has an upper, middle, and lower trunk [41].  

• Similar to in vitro human studies [16; 17; 19], loading direction influences the injury-

type of intact BP complexes, such that upward and lateral stretch result in a 

combination of avulsion- and rupture-type injuries with avulsion injuries being more 

frequent, while downward stretch result in mainly rupture-type injuries [21].  

• Effects of loading rate is not yet addressed in the available adult animal studies. 
 

In vitro BP Studies in Neonatal Animal Model 

Biomechanical responses of the neonatal BP are needed to manage the occurrence of 

BPBI. However, a serious limitation is the lack of biomechanical data from neonatal human 

BP tissue. Ethical limitations with performing studies on human neonatal tissue warrant 

new approaches that can help investigate neonatal BP tensile biomechanical responses. 

Studies employing neonatal large animal models can serve as promising surrogates. 
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Following an extensive search for this comprehensive review article, Singh et al., 2018 

was the only study to report the tensile biomechanical properties of neonatal BP tissue in 

3-5 days old neonatal piglets [24].  

Effect of Loading Rate  

Neonate piglet BP segments (root/trunk, cord, and terminal branches, n = 114), as well as 

the tibial nerve (n = 11) from the same animals, were subjected to quasi-static 

(0.6 mm/min) and dynamic (600 mm/min) displacement rates until failure using an ADMET 

material testing machine (eXpert 7600, ADMET Inc., Norwood, MA) [24]. At quasi-static 

rate, average maximum force, maximum stress, maximum strain, and elastic modulus of 

the neonatal BP complex were 1.83 ± 0.14 N, 0.56 ± 0.07 MPa, 0.32 ± 0.03, and 2.87 ± 

0.32MPa, respectively [24]. In contrast, average maximum force, maximum stress, 

maximum strain, and elastic modulus at the dynamic rate were 3.52 ± 0.42 N, 1.15 ± 0.15 

MPa, 0.32 ± 0.02, and 5.27 ± 0.69 MPa, respectively [24]. The study further observed that 

BP terminal nerve segments failed at higher stresses than BP cord and root/trunk 

segments at both rates [24]. When comparing biomechanical properties between BP 

terminal nerve segments and tibial nerves at both rates, no significant differences were 

found [24]. However, significantly higher maximum stresses and modulus were measured 

in tibial nerves compared to BP root/trunk and cord segments at both rates [24]. Among 

BP segments and between BP segments and tibial nerve, no significant difference in strain 

values were reported [24].  

Effect of Loading Direction 

No study has reported the effect of loading direction in neonatal BP tissue using a neonatal 

animal model. 

Summary of in vitro BP Studies in Neonatal Animal Model  
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Biomechanical studies in a piglet animal model (Table 3) provides an understanding of the 

biomechanical properties of the neonatal BP, such that: 

• At a quasi-static rate (0.6 mm/min), average maximum force, maximum stress, 

maximum strain, and elastic modulus are 1.83 ± 0.14 N, 0.56 ± 0.07 MPa, 0.32 

± 0.03, and 2.87 ± 0.32MPa, respectively [24].  

• At a dynamic rate (600 mm/min), average maximum force, maximum stress, 

maximum strain, and elastic modulus are 3.52 ± 0.42 N, 1.15 ± 0.15 MPa, 0.32 

± 0.02, and 5.27 ± 0.69 MPa, respectively [24]. 

• Effects of loading direction is not addressed in the available neonatal animal 

studies. 

Conclusion  

Preventative obstetric maneuvers during complicated birth deliveries to help reduce 

occurrence of BPBI in infants can benefit from understanding the biomechanical response 

of the neonatal BP when stretched to failure. However, current reported biomechanical 

properties of BP vary due to age discrepancy, anatomical complexity, and variability in 

testing methodology.  

Current in vitro BP studies in adult humans have reported average failure force 

ranges from 69.3 N to 807.0 N, average failure stress from 0.14 MPa to 3.5 MPa, average 

failure strain from 19.6% to 58.8%, and average elastic modulus from 7.45 to 9.20 MPa 

[14-20]. In comparison, studies using in vitro adult animal models have reported average 

failure forces ranging from 16 N to 39 N, average failure stress from 6.9 MPa to 49 MPa, 

and average failure strain from 7.0% to 24.0% [21-23].  The variation among the reported 

failure responses between in vitro adult human cadaveric and adult animal model studies 

can be attributed to differences in the testing methodologies such as employed loading 

rate and loading direction, and differences between the BP tissue dimensions (i.e., length, 
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diameter) as well as structures (i.e., fascicular pattern and spinal nerve roots involved) 

[40-42]. Despite the observed variations in the failure values, the stress-strain behavior 

observed in these studies are similar. Moreover, the reported injury types including 

predominant rupture-type injures of C5 and C6 BP nerve roots are also similar between 

the reported in vitro human and animal studies. These findings also align with the most 

commonly reported BPBI injury called Erb’s palsy that is associated with injury at the 

junction of C5-C6 nerve roots [43].  

Factors including loading rate and direction were also investigated in the reported 

studies. The effect of loading rate is particularly important; Allen et al., 1991 reported that 

as the peak force rate (in N/sec) increased, the peak force (in N) increased as observed 

during routine delivery, difficult delivery, and shoulder dystocia delivery [41]. Available 

human cadaveric studies have reported higher loading rates to result in higher failure 

forces within the BP tissue [15-17]. While no adult animal studies have investigated the 

effect of loading rate in BP tissue, Singh et al., 2006 and 2017 and Mahan et al., 2019 

have also reported similar loading rate effects in the rat lumbar spinal nerve roots and 

sciatic nerves, respectively [44-46].  

Additionally, understanding how loading direction affects neonate BP mechanical 

response is critical to help alleviate a stretch-induced injury resulting from a shoulder 

dystocia event. Using computational modeling, Gonik et al., 2003 found that downward 

lateral displacement of the fetal head increased BP stretch injury by 30% (18.2% BP strain) 

while axial positioning of the fetal head reduced BP stretch injury (14.0% BP strain) [47]. 

Reviewed human cadaveric and adult animal studies in BP have also confirmed a direct 

correlation between loading direction and resulting injury-type such that lateral, 

perpendicular and upward stretches result in more avulsion type injuries [16; 17; 19; 21] 

when compared to parallel and downward stretches [17; 19; 21].  
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Overall, available studies, both animal and human, offer valuable insights that help 

understand the effect of loading rate and loading direction on the BP biomechanical 

responses. The biomechanical data available from these reported studies have been 

utilized in existing physical and computational models to simulate complicated birthing 

scenarios and currently offer insight into BP stretch conditions and parameters that lead 

to BPBI [47-49].  

Despite these available studies that report biomechanical responses of stretched 

BP, a major limitation is the lack of available data from human neonate BP tissue. An in 

vitro human study in another peripheral nerve (i.e., sciatic) reported the ultimate stress (in 

kg/mm2) to be greater in adults (age range: 20-69 years, 1.28 ± 0.016 kg/mm2) compared 

to adolescents  (age range: 0-19 years, 1.14 ± 0.035 kg/mm2) and neonates (age range: 

one month, 0.96 ± 0.026 kg/mm2), clearly demonstrating the age-dependent differences 

in the peripheral nerves [50]. Ethical limitations as well as lack of transparency when 

evaluating and referring a potential neonatal donor have contributed to the infrequent 

incidence of neonatal organ and tissue donation, thereby adding to the currently 

unavailable data on human neonatal BP tissue [51].  An alternative could be a clinically 

relevant neonatal large animal model, such as a piglet. Although anatomical differences 

exist between piglet and human neonate BP, such as the less developed divisions 

between the three trunks and cords and lack of a clavicle in piglets, piglet and human 

neonate share similarities in BP anatomy that include origination from an upper (i.e., C5-

C6), middle (i.e., C7), and lower (i.e., C8-Th1) BP segments [52]. Using a neonatal piglet 

animal model, Singh et al., 2018 reported the biomechanical response of BP segments 

and effects of loading rate on BP failure. Variation in loading rate is confirmed between 

various birthing scenarios such that as the difficulty of delivery increases, the loading rate 

increases [53]. Obtained data in a neonatal large animal model can be used to understand 
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the BPBI injury mechanisms under the assumption that as the loading rate for delivery 

increases in complicated delivery scenarios, the loading rate on the neonate BP may also 

increase and thus increase the likelihood of a stretch injury [24].  The study also reported 

that the BP terminal nerve was similar to that of a different peripheral nerve (i.e., tibial 

nerve) from the same animal model, but demonstrated significantly higher maximum 

stresses and modulus when compared to the BP root/trunk and cord segments [24]. This 

study was the first to report varying biomechanical properties of individual neonate BP 

segments (i.e., root/trunk, cord, and terminal branches) relative to each other and another 

peripheral nerve (i.e., tibial nerve). One major limitation, however, of this study is the lack 

of data on the effect of loading direction, in this clinically relevant animal model, warranting 

future studies to fill this critical gap. 

The obtained biomechanical data from animal and human studies are and can be 

utilized in existing and future computational models, respectively, of maternal pelvis and 

neonate that simulate complicated delivery scenarios and help provide insight into 

biomechanical responses of BP tissue [35, 36]. Currently available computational models 

that help investigate the effect of clinician- and maternal-applied forces on the human 

neonate BP during various birthing scenarios utilize the biomechanical response of an 

adult rabbit tibial nerve (ultimate strain and ultimate stress are 38.5 ± 2.0% and 11.7 ± 0.7 

MPa, respectively, at a rate of 10 mm/min [54])  rather than that of a neonate BP [47; 49]. 

Takai et al., 2002 reported an ultimate strain and ultimate stress of 24.0 ± 1.1% and 6.0 ± 

0.13 MPa, respectively, at a rate of 10 mm/min of the lower BP trunk of adult rabbits [22]. 

Within the same species and at the same loading rate, the biomechanical response of the 

tibial nerve and BP differs such that tibial nerve exhibited more compliance compared to 

the BP [28]. This implies that computational models using the biomechanical response of 

a tibial nerve may not fully capture the BP response during complicated birthing scenarios. 
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Data obtained from studies investigating in vivo BP responses in a neonatal large animal 

models would be ideal to enhance the biofidelity of the existing computational models. 

Furthermore, extending these in vivo studies to investigate effects of loading rate and 

loading direction in a neonatal large animal model can fill existing gaps, offer in-depth 

understanding of the neonate BP's biomechanical response during complicated birthing 

scenarios, and help obstetricians develop preventative measures, thereby advancing the 

science of neonatal care.   
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Table 1 

 
Authors Tissue Type Mechanical Findings 

Loading 
Rate 

 Average Failure Force  

 

Destandau 
et al., 1986 

BP 
nerve root 

Avulsion: 69.3 N (29.4–147.1N) 
600 mm/min 

BP 
nerve root 

Rupture: 79.3 N (39.2–147.1N) 

Ma 
et al., 2013 

BP 
terminal nerve 

Modulus of median nerve higher than ulnar nerve 3 mm/min 

E
ff

e
c
t 

o
f 

L
o

a
d

in
g

 R
a
te

 

Marani 
et al., 1993 

BP nerve 
At lower rates, nerves elongated to 1/3 their resting length, while at faster rates, 

nerve elongation was reduced by 1/30 to 1/20 of their resting length 

10 mm/min, 
20 mm/min, 
50 mm/min, 
500 mm/min 

E
ff

e
c
t 

o
f 

L
o

a
d

in
g

 D
ir

e
c
ti

o
n

 

 
Loading 
Direction 

Average 
Failure Force 

Average 
Failure Strain 

Average 
Failure Stress 

 

Zapalowicz 
et al., 2000 

Intact BP 
complex 

Lateral 
388.5 N 

(217.7–546.3N) 
38.6%            

(19.6%-58.8%) 
2.6MPa               

(1.3-3.5 MPa) 
10 mm/min 

Zapalowicz 
et al., 2005 

Intact BP 
complex 

 
630.0 N            

(365.0-807.0N) 
37.0%                  

(23.0%-53.5%) 
 200 mm/min 

Zapalowicz 
et al., 2018 

Intact BP 
Complex 

45° caudal 
665.0 N          

(563.0-804.0N) 
  

200 mm/min Perpendicular 
558.0 N              

(365.0-719.0N) 
  

Parallel 
632.0 N                

(468.0-757.0N) 
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E
ff

e
c
t 

o
f 

F
ix

a
ti

o
n

 
  Failure Stress  

Marani 
et al., 1993 

Fixed BP 
nerves 

0.25 MPa 
10 mm/min, 
20 mm/min, 
50 mm/min, 
500 mm/min 

Unfixed BP 
nerves 

0.14 MPa 

  Average Young’s Modulus  

Stoutlandel 
et al., 2020 

Thiel-Fixed 
BP nerves 

7.45 ± 3.40 MPa 
0.05%/sec 

Unfixed BP 
nerves 

9.20 ± 1.20 MPa 
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Table 2 

 
 

Authors Species Tissue Type Mechanical Findings 
Loading 

Rate 

 

 Average Failure Stress Average Failure Strain  

Kawai 
et al., 1989 

Rabbit 

C6 
nerve root 

Avulsion: 26 MPa (23–27 MPa) 9% 
500 

mm/min 
C6 

nerve root 
 

Rupture: 46 MPa (44–49 MPa) 7% 

 

Average 
Maximum 

Tensile 
Force 

Average 
Ultimate 
Tensile 
Stress 

Average 
Ultimate 

Strain 

Average 
Elastic 

Modulus 
 

Takai 
et al., 2002 

Rabbit 
Lower  

BP trunk 
16.9 ± 2.7 N 6.9 ± 0.13 MPa 24.0 ± 1.1% 28.5 ± 1.8 MPa 

10 
mm/min 

E
ff

e
c
t 

o
f 

L
o

a
d

in
g

 
D

ir
e
c
ti

o
n

 

   Average Stiffness Ratio a  

Phillips 
et al., 2004 

Rat Median 0.5 ± 0.07 
10 

mm/min 

 
Loading 
Direction 

Average Failure Force  

Kawai 
et al., 1989 

Rabbit 
Intact  

BP complex 

Upward 20 N (16–23 N) 
500 

mm/min 
Lateral 23 N (19–31 N) 

Downward 38 N (36–39 N) 
a Stiffness Ratio = joint stiffness/non-joint stiffness 
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Table 3 

 Authors Species 
Tissue 
Type 

Mechanical Findings 
Loading 

Rate 

E
ff

e
c
t 

o
f 

L
o

a
d

in
g

 R
a
te

 

 
Average 

Maximum 
Force 

Average 
Maximum 

Stress 

Average 
Strain 

Average 
E 

 

Singh 
et al., 2018 

Piglet 
BP 

complex 
 

1.83 ± 0.14 N 0.56 ± 0.07 MPa 32.0 ± 3.0% 2.87 ± 0.32 MPa 
0.6 

mm/min 

3.52 ± 0.42 N 1.15 ± 0.15 MPa 32.0 ± 2.0% 5.27 ± 0.69 MPa 
600 

mm/min 
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Figure Captions List 

 

Fig. 1 Schematic of brachial plexus anatomy. MSC: Musculocutaneous, C: 

Cervical, Th: Thoracic. 

Fig. 2 Classification of brachial plexus injury observed by the degree of damage 

of neural structures (i.e., axon, myelin sheath) and connective tissue 

structures (i.e., epineurium, perineurium, endoneurium). (A) Normal. (B) 

Neuropraxia characterized by injury to the myelin sheath (pink). (C) 

Axonotmesis characterized by injury to both axon and myelin sheath 

(dashed line and pink, respectively). (D) Neurotmesis characterized by 

injury to the axon, myelin sheath, and surrounding connective tissue 

structures (dashed line, pink, and gap with red thunderbolt, respectively). 

Fig. 3 (A) Summary of search results using keywords. (B) Flow chart of process 

utilized for selection of studies included in this review article.  

Fig. 4 Representative failure (A) load-elongation and (B) stress-strain curves 

from a tensile test of a rabbit tibial nerve. Figure modified from Ref. [37]. 

Fig. 5 (A) Schematic of testing set-up to stretch BP spinal nerve roots (i.e., Th1) 

from fresh adult human cadavers until failure at a rate of 600 mm/min. The 

end of the BP spinal nerve roots was clamped on the moving end of the 

testing set-up. (B) Average rupture force [N] of each BP spinal nerve roots 

[14]. C: cervical, Th, Thoracic. 
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Fig. 6 Bar graphs detailing (A) total number of avulsion and non-avulsion injury-

types and (B) average rupture force of total avulsed and non-avulsed BP 

spinal nerve roots stretched at 600 mm/min until failure [14]. 

Fig. 7 Bar graph detailing (A) individual BP spinal nerve root avulsion and non-

avulsion injury-types and (B) average rupture force of each BP spinal nerve 

roots stretched at a rate of 600 mm/min until failure [14]. C: Cervical. Th: 

Thoracic.  

Fig. 8 Bar graph detailing number and type of initial injury-type of intact BP with 

respect to loading direction [17]. 

Fig. 9 Fig. 9 (A) Loading directions of 45º caudal (Group A), perpendicular (Group 

B), and parallel (Group C) with respect to the spinal column applied to fresh 

intact adult human cadaveric BP complexes at a rate of 200 mm/min. The 

BP terminal branches were clamped on the moving end of the testing set-

up. Figure modified from [19]. (B) Average maximum force of the intact BP 

complexes for each group. 

Fig. 10 Bar graphs detailing (A) the nerve root avulsed with respect to loading 

direction (Group A: 45º caudal, Group B: perpendicular, Group C: parallel); 

and (B) the site of injury of rupture-type injuries with respect to loading 

direction (Group A: 45º caudal, Group B: perpendicular, Group C: parallel) 

[19]. 

Fig. 11 

 

Fig. 11 (A) Average Young’s modulus of the median nerve, a BP terminal 

nerve. (B) Representative biomechanical response of Thiel fixed (gray) 

and unfixed (black) median nerve stretched at a strain rate of 0.5%/sec. 

Figure modified from Ref. [20]. 
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Fig. 12 Average failure force of intact BP complex with respect to loading direction 

stretched at a rate of 500 mm/min [21]. 
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Fig. 1 
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Fig. 2 
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Fig. 3 

 

  



Journal of Biomechanical Engineering 

1Anita Singh, PhD  BIO-20-1543 39 

Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 

 
 

  



Journal of Biomechanical Engineering 

1Anita Singh, PhD  BIO-20-1543 45 

Fig. 10 
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Fig. 11 
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Fig. 12 

 
 

 

 

 

 


