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Abstract 

I-I 

Abstract - English 
 

Introduction Literature analysis showed that re-fracture of forearm bones has 1 – 35% clinical 

incidence and one of its main causes is the presence of holes, after the removal of plate and screws, 

which act as stress risers. The aim of this work was the quantitative evaluation of the influence that 

different holes left by screw removal have on the re-fracture risk of the radius during mechanical 

loading.  

Test definition The design of the specimens to test and of the type of test to be performed required 

various considerations to be made. From a clinical point of view the fracture type for which plate 

implant was simulated was a transverse fracture, the surgical approach was the Henry approach, the 

plates used were 7 hole plates (Stryker VariAx straight narrow plate and DePuy Synthes LCP 

plates) with six screws (bone and locking screws). The biomechanical analysis of the forearm in 

supinated position with a 90° elbow flexion (most common biomechanical model of the forearm) 

led to the decision of performing a 4-point bending test on the radius bone with tensioning of the 

volar surface. This appeared to be the worst case loading of the forearm bones and in particular of 

the radius. 

The experimental test was performed on Sawbones® radius samples on which the Stryker VariAx 

plate with 3.5mm and 2.7 mm screws was implanted and removed and on samples with no holes, 

which were taken as reference sample. The samples were loaded until failure and the energy to 

failure of each group was calculated. 

The computational test was performed on radius models with no holes, single holes (2.7mm, 

3.5mm and 4.5 mm) and multiple holes (simulation of the previous presence of a plate). The radius 

models were virtually loaded until failure which was reached when the maximum principal stress 

equaled the σmax defined for the cortical bone. After the plot of the force-displacement curve the 

energy to failure was calculated. 

The comparisons between different groups were performed calculating the ratio between the energy 

to failure of the samples with no holes and the samples with holes (α = ENoHoles / EHoles). Groups 

which show higher values of α represent a safer situation in terms of re-fracture risk of the bone in 

correspondence of a bending loading.  

Results and conclusions The analysis of the results showed that the safer situation was given by 

the presence of smaller holes (2.7mm) even if not a great difference was noticed in comparison to 

the other groups. The statistical analysis performed on the results of the experimental test showed 

in fact a non-statistical difference between the samples with 2.7mm and with the 3.5mm multiple 

holes. 

The main output of both experimental and computational tests highlighted an important reduction 

of the energy to failure (max reduction = -80%) when holes were present on the structure 

suggesting particular care of the forearm during the period immediately after hardware removal 

until the defects are filled with newly formed bone. 

  

 

 



Abstract 

I-II 

Abstract - Italian 
 

Introduzione Una ricerca bibliografica ha evidenziato come la ri-frattura delle ossa 

dell’avambraccio presenti un’incidenza che varia nell’intervallo 1-35% e come una delle cause di 

tale problematica sia la presenza di fori, dopo la rimozione di placca e viti, che agiscono da 

concentratori di stress. L’obiettivo del presente lavoro è di valutare da un punto di vista 

quantitativo l’influenza che fori diversi hanno sul rischio di ri-frattura del radio in corrispondenza 

dell’applicazione di specifici carichi.  

Definizione dei test La progettazione dei campioni da testare e del tipo di test da eseguire ha 

richiesto la considerazione di diversi aspetti. Da un punto di vista clinico la tipologia di frattura per 

la quale si è scelta di simulare l’impianto della placca è stata la frattura trasversale, l’approccio 

chirurgico è stato l’approccio di Henry, le placche usate presentavano 7 fori (Stryker VariAx 

straight narrow plate e DePuy Synthes LCP plate) con sei viti (bone screws e locking screws). 

L’analisi biomeccanica dell’avambraccio in posizione supina con il gomito flesso di 90° (modello 

comune per quanto riguarda lo studio dell’avambraccio) ha portato alla decisione di realizzare una 

flessione a 4 punti sul modello di radio con tensionamento della superficie anteriore dell’osso. 

Questa tipologia di carico è stata scelta perché ritenuta il caso peggiore per quanto riguarda le 

sollecitazioni presenti fisiologicamente sull’avambraccio stesso. 

Il test sperimentale è stato realizzato su modelli di radio dell’azienda Sawbones® sui quali sono 

state impiantate e rimosse placche VariAx Stryker con viti 3.5 mm e 2.7 mm e su modelli senza 

fori, che sono stati presi come campioni di riferimento. Ciascun campione è stato testato fino a 

fallimento ed è stata calcolata l’energia necessaria per portare a cedimento la struttura.  

Le simulazioni computazionali sono state eseguite, invece, su modelli di radio senza fori, con fori 

singoli (2.7 mm, 3.5 mm e 4.5 mm) e con fori multipli (riproduzione della rimozione di placche da 

osteosintesi). I modelli computazionali sono stati virtualmente caricati fino a fallimento che 

avviene nel momento in cui il massimo stress principale raggiunge σmax definito per l’osso 

corticale. Si è quindi realizzato il grafico forza – spostamento da cui si è calcolata l’energia 

necessaria per portare a fallimento l’osso.  

Il confronto tra i diversi gruppi è stato eseguito calcolando il rapporto tra energia a rottura dei 

campioni senza fori e con fori (α = ENoHoles / EHoles). I gruppi che mostrano valori maggiori di α 

rappresentano una situazione più sicura per quando riguarda il rischio di ri-frattura del radio in 

corrispondenza di carichi flessionali.   

Risultati e conclusioni L’analisi dei risultati ha mostrato che la situazione migliore (più sicura) per 

quanto riguarda l’energia a rottura è data dalla presenza delle viti da 2.7 mm anche se la differenza 

con gli altri gruppi soggetti ai test non è marcata. L’analisi statistica dei dati ottenuti dal test 

sperimentale ha mostrato, infatti, una differenza statisticamente non significativa tra i gruppi con 

fori multipli da 2.7mm e da 3.5mm.  

Il risultato principale ottenuto sia dal test computazionale sia dal test sperimentale è quello di aver 

evidenziato la notevole riduzione dell’energia a rottura  (massima riduzione = -80%) quando fori 

sono presenti sull’osso. Questo risultato suggerisce di prestare particolare attenzione nel periodo 

immediatamente successivo alla rimozione di placca e viti, fino al momento in cui i fori vengono 

riempiti da nuovo tessuto osseo. 
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1. Background 
 

1.1 Radius and forearm 
 

The radius is one of the two large bones of the forearm. It extends from the lateral side of the 

elbow to the thumb side of the wrist and runs, during supinated or neutral position, parallel to the 

ulna, which is the second bone of the forearm [1]. The radius is therefore the most lateral of the two 

bones while the ulna is the most medial one, when the arms are in anatomical position. 

The radius is named for its action, a turning movement about the capitulum of the humerus, which 

allows the bone to rotate relative to the more fixed ulna. [2] It can be divided in a proximal end, a 

shaft and a distal end. The proximal end has a head which is disk-shaped and a tuberosity which 

gives attachment to the biceps muscle. The shaft possesses three borders (interosseous, anterior and 

posterior) and three surfaces (anterior, posterior and lateral). [3] The distal end forms two palpable 

points, laterally the styloid process and medially the Lister's tubercle. [4] The radius usually carries 

two-thirds of the loads on the forearm while the ulna the remaining one-third. [5] 

The interosseous membrane is a thick sheet of collagenous tissue between the interosseous borders 

of the two bones. Its main functions are helping spreading correctly the compression forces 

between the radius and the ulna, increasing the area of origin of two forearm muscles (deep flexor 

and extensor of the forearm), stabilizing the forearm bones and allowing smooth forearm rotation. 

[6] [7] The described bones are shown in Figure 1. 

 

 
Figure 1: Forearm and hand bones [8] 

http://en.wikipedia.org/wiki/Radial_styloid_process
http://en.wikipedia.org/wiki/Lister%27s_tubercle
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The radius articulates with the humerus (humero-radial joint), with the carpal bones (radio-carpal 

joint or wrist joint) and with the ulna (superior, middle and inferior radio-ulnar joints). 

The humero-radial joint is the joint between the head of the radius and the capitulum of the 

humerus. It is an arthrodial joint and is one of the two joints forming the elbow articulation.  

It is not directly involved in the hinge movement at the elbow, since the ends of the respective 

bones are scarcely in contact during flexion. The humero-radial articulation is only passively 

involved in the pivot movement of the proximal radio-ulnar joint, since the radius rotates in the 

socket about its long axis, and the actual rotation takes place in the proximal and distal radio-ulnar 

articulations.  

However, the main articulation of the elbow is the humero-ulnar joint which is classified as a 

simple hinge-joint and allows movements of flexion, extension and circumduction but does not 

involve the radius bone, which is of major interest for this work. [9] 

 

 
Figure 2: Humero-radial joint [10] 

 

The radio-carpal joint is a condyloid articulation. It is formed by the lower end of the radius and 

the navicular, lunate, and triangular bones. The radius and the three involved carpal bones are 

separated by an articular disk. The articular surface of the radius and the under surface of the 

articular disk form together a transversely elliptical concave surface, the receiving cavity.  

The superior articular surfaces of the navicular, lunate and triangular form a smooth convex 

surface, the condyle, which is received into the concavity. [9] 

 

 
Figure 3: Radio-carpal joint [11] 

http://en.wikipedia.org/wiki/Hinge-joint
http://en.wikipedia.org/wiki/Flexion
http://en.wikipedia.org/wiki/Extension_(kinesiology)
http://en.wikipedia.org/wiki/Circumduction_(anatomy)
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The superior (or proximal) radio-ulnar joint is a pivot type of synovial joint between the disc-

like head of the radius and the radial notch on the upper end of the ulna. The head of the radius is 

held against the radial notch of the ulna by a strong band called the annular ligament. Together, the 

annular ligament and the radial notch provide stability for the head of the radius during pronation 

and supination of the forearm. [6] [7] (Figure 4  left) 

The middle radio-ulnar joint (or interosseous membrane) is a complex structure actually 

formed by various portions. The interosseous membrane was briefly described in the previous 

pages and in Figure 1. [6] 

The inferior radio-ulnar joint is a pivot type of synovial joint between the head of the ulna and 

the ulnar notch on the lower end of the radius. An articular disc is attached between the styloid 

process of the ulna and the ulnar notch of the radius. It excludes the ulna from the wrist joint and 

provides the ulnar head a platform to rotate during movements of supination and pronation. [6] 

(Figure 4 - right). 

 

 
Figure 4: Left: Proximal radio-ulnar joint [11] ; Right: Distal radio-ulnar joint [12] 

 

Various muscles find insertion on the radius bone and each one of them accomplishes one or more 

specific functions. 

The biceps brachii muscle is a muscle of the anterior compartment of the arm and it origins from 

two tendinous heads attached to the scapula. These heads fuse to form one unique body and find 

insertion in the posterior part of the radial tuberosity. An expansion of the medial border of the 

tendon (bicipital aponeurosis) is attached to the deep fascia of the forearm and through it to the 

posterior border of the ulna. 

The biceps brachii, therefore, crosses three joints (shoulder, elbow and superior radio-ulnar joint) 

on which it can exert its action. In particular, on the radio-ulnar joint it acts as a supinator of the 

forearm and on the elbow and shoulder as a flexor. [6] 

The pronator teres muscle origins with two heads: a humeral head which is larger and more 

superficial and an ulnar head which is deeper and smaller. The two heads join each other and the 

combined muscle passes obliquely across the proximal forearm and inserts in the area of maximum 

convexity on the lateral surface of the radius. The functions of the pronator teres are primarily of 

forearm pronator and secondarily of elbow flexor. [6] 

The pronator quadratus muscle is a flat muscle that arises from the anterior surface of the lower 

shaft of the ulna and inserts on the lower portion of the radius. This muscle is the chief pronator of 

the forearm and is assisted by the above described pronator teres. [6] 
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Figure 5: Left: Biceps brachii; Right: Pronator teres and pronator quadratus [8] 

 

The brachioradialis origins from the upper two-thirds of the lateral supracondylar ridge of the 

humerus and is inserted in the radius just above the styloid process. This muscle acts as a flexor of 

the elbow joint especially when the forearm is in midprone position. [6] The flexor pollicis longus 

muscle arises from the anterior surface of the radius and from the adjacent interosseous membrane 

and inserts at the base of the distal phalanx of the thumb. This muscle is a flexor of the phalanx of 

the thumb and when this is flexed it also assists the flexion of the wrist. [9] 

The flexor digitorum superficialis is a broad muscle that lies under the flexor muscles. It origins 

with two heads (humero-ulnar and radial heads) and reaches the base of the proximal phalanxes 

with four independent tendons. This muscle acts as a flexor of the middle phalanxes and as a weak 

flexor of the proximal phalanxes. [6] These three described muscles are shown in Figure 6 

 

 
Figure 6: Left: Brachioradialis muscle [8]; Center: Flexor pollicis longus [13] 

Right: Flexor digitorum superficialis muscles [8] 

 

The supinator muscle belongs to the extensor compartment of the forearm. It is attached to three 

bones (humerus, radius and ulna) and is disposed in two laminae which both insert on the lateral 

proximal radius shaft. [6]  The supinator acts, as suggested by its name, to bring the hand into the 

supinated position. [14] The abductor pollicis longus lies immediately below the supinator and is 

sometimes united with it. It arises from the lateral part of the dorsal surface of the body of the ulna, 

http://en.wikipedia.org/wiki/Supinator_muscle
http://en.wikipedia.org/wiki/Ulna
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from the interosseous membrane, and from the middle third of the dorsal surface of the body of the 

radius. [9] [14] 

The insertion is divided into two parts: the superficial part is inserted into the base of the first 

metacarpal bone and the deep part is variably inserted into the trapezium, the joint capsule and its 

ligaments, and into the belly of the abductor pollicis brevis. [15] 

The extensor pollicis brevis arises from the dorsal distal portion of the radius and from the 

interosseous membrane. Its direction is similar to the one of the abductor pollicis longus and is 

inserted into the base of the first phalanx of the thumb. 

In a close relationship to the abductor pollicis longus, the function of the extensor pollicis brevis is 

to both extend and abduct the thumb. [14]  The above presented muscles are shown in Figure 7.  

 

 
Figure 7: Left: Supinator; Center: Abductor Pollicis Longus [13]  

Right: Extensor Pollicis Brevis muscles [16] 

 

The complete overview of the muscle attachment sites on the radius is shown, for the right radius 

bone, in Figure 8. 

 

 
Figure 8: Muscle attachments on the radius.  

Left:Anterior surface; Right:Posterior/Lateral surface  [3] 

  

http://en.wikipedia.org/wiki/Interosseous_membrane_of_forearm
http://en.wikipedia.org/wiki/Radius_(bone)
http://en.wikipedia.org/wiki/First_metacarpal_bone
http://en.wikipedia.org/wiki/First_metacarpal_bone
http://en.wikipedia.org/wiki/Abductor_pollicis_brevis_muscle
http://en.wikipedia.org/wiki/Thumb
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One of the most important functions of the forearm complex is permitting the rotation of the hand 

in space (pronation and supination). Every day activities, in fact, can be carried out only if the 

interactions between the proximal radio-ulnar joint, the interosseous membrane and the distal 

radio-ulnar joint are coordinated. Damages or malfunctioning of any of these regions may lead to 

limitations in forearm rotation which is fundamental for performing correctly even the most 

common and simple actions. [7] 

The mechanism which leads to forearm pronation and supination is quite complex: the ulnar head 

moves in a rolling and sliding motion in the rim of the sigmoid notch while the radius rotates 

around the ulnar head in the most distal compartments.  

This kind of movement allows the radius to cross the ulna when the hand is in pronation and causes 

the two bones to be parallel when the hand is in supination. 

The rotation of the forearm permits directing the palm of the hand upwards, neutrally and 

downwards. The maximum range of motion is 82° in supination and 75° in pronation, referring to 

the neutral position and with the elbow flexed. [17] [18] Figure 9 shows the forearm bones and the 

main muscles involved during pronation and supination. 

 

 
Figure 9: Forearm in supinated and pronated position [11] 
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1.2 Fractures 
 

A bone fracture is defined as a medical condition in which there is a break in the continuity of the 

bone. It can be the result of high force impact or stress and can be favored by certain medical 

conditions that weaken the bone structure, such as osteoporosis, presence of holes and defects, 

bone cancer or other pathological situations [19] The fracture of a bone usually occurs in a fraction 

of second. [20] 

Fractures can be of various types in terms of location, shape, severity, etc. A classification system 

of all the fractures was needed in order to facilitate communication between clinicians and permit a 

better management of the patient’s clinical cases. Various classification systems were proposed 

during the years but with small success. 

The combined efforts of the OTA and of Prof. Müller gave birth to the “Muller AO/OTA 

Classification” which had the major aim to develop a universally applicable and universally 

acceptable terminology. 

This classification is still the most used and is based on an alpha-numerical coding system which 

allows the localization and the morphological characterization of fractures. Each major long bone 

or anatomical region as well as each bone segment (bone region) is named and numbered. The 

fractures of each bone segment are then divided in three types with a further subdivision into three 

groups and subgroups, generating a hierarchical organization. 

Each type of fracture can be characterized by a specific code, formed by 5 parts, which is shortly 

described below. [21] [20] 

 

1) The fractured bone or anatomical region is identified by the first number of the code as can 

be seen in Figure 10. It should be noted that the radius and ulna bones are identified by the 

same number ( #2) 

 

 
Figure 10: Bone numbering according to AO/OTA classification [22] 

http://en.wikipedia.org/wiki/Bone
http://en.wikipedia.org/wiki/Impact_force
http://en.wikipedia.org/wiki/Stress_fracture
http://en.wikipedia.org/wiki/Osteoporosis
http://en.wikipedia.org/wiki/Bone_cancer
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2) The second part of the code identifies the segment of the long bone subject to the fracture 

as shown in Figure 11. (#1: proximal epiphysis; #2: diaphysis; #3: distal epiphysis) 

 

 
Figure 11: Bone segment numbering according to AO/OTA classification [22] 

 

 

3) The third part of the code is represented by a letter (A, B or C) which indicates the type of 

fracture. The description of the type of fractures differs between diaphyseal fractures and 

proximal or distal epiphyseal fractures as shown in Figure 12. 

 

 
Figure 12: Fracture type definition according to AO/OTA classification [22] 

The fracture types of interest for this study (diaphyseal) are highlighted 
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4) Once a fracture has been recognized as one of the three types presented above (A, B, C) it 

may be further divided into three fracture groups as shown in Figure 13 for diaphysis 

fractures and in Figure 14 for epiphysis fractures. The groups which describe in more detail 

the diaphyseal fractures are of major interest for the purpose of this work 

 

 
Figure 13:Classification of diaphysis fractures into 3 fracture groups [22] 

 

 
Figure 14: Classification of epiphysis fractures into 3 fracture groups [22] 
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5) For more specialized requirements and more precise fracture definition, each one of these 

groups is further divided into three subgroups, based on fracture exact location or fracture 

morphology.  

This gives 81further subgroups for each bone. [20]  

 

Since the present work focuses on the radius shaft region, in Figure 15 and Table 1 the various 

possible diaphyseal radial fractures are presented, together with the AO/OTA code used for 

uniquely defining them.  

 

 
Figure 15: Possible radius diaphysis fracture according to AO/OTA classification [23] 
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Table 1: Description of the possible radius diaphysis fractures according to AO/OTA classification [24] 
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Some of the above described radius fractures are presented in the following radiographies. 

  

 
Figure 16: 22-A2 fractures radiographies 

Left: 22-A2.2 (obliquity < 30°); Right : 22-A2.1 (obliquity >30°) [25] 

 

 
Figure 17: 22-A3 fractures radiographies. Left: 22-A3.2; Right: 22-A3.3 [25] 

 

              
Figure 18: Left: 22-B2.1 fracture; Right: 22-B3.2. Wedges are highlighted [25] 
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Figure 19: 22-C2 fractures radiographies. Left: 22-C2.2; Right: 22-C2.3 [25] 

 

Multiple mechanisms can be involved in leading to fractures of the forearm bones. The common 

aspect to all the fractures is usually the high energy involved before reaching the failure point. 

Fractures of the shaft of the radius and ulna are often displaced and this is caused by the significant 

amount of force that causes this kind of fractures in adults and by the fact that the muscles attached 

to the forearm bones pull the fractured fragments and accentuate the displacement. [23] 

 

Referring to the data presented by Bucholz et al., 2009 the forearm fractures are commonly caused 

by falls (28%), direct blow or assault (21.6%), sport (18.3%) or motor vehicle accident (13.3%). In 

particular, the most common types of forearm diaphyseal fractures noticed are type A –simple 

fractures- (86.4%), followed by type B – wedged fractures - (11.9%) and type C – complex 

fractures - (1.7%). The most common subgroups are A1.2 (25%), A1.1 (25%), A1.3 (6.7%), A2.2 

(6.7%), B1.1 (6.7%). The radius appeared to be fractured very limitedly compared to the ulna. Only 

in fractures A2.2 there was in fact a radius fracture. The ulna was instead the bone which was more 

commonly broken, mainly because it is the most outer bone when trying to defend from a direct 

blow or assault. [23] [26] The isolated ulna fracture is in fact commonly called “night-stick 

fracture” [27].  

 

De Luca et al. 1988 and Wang et al., 2005 reported that injuries to the forearm are mainly caused 

by motor vehicle accidents and falls or sever crushes [28] [29] confirming the epidemiology 

presented in the previously cited work. 

 

Hertel et al., 1996 presented the most common forearm fractures in patients which took part to the 

clinical evaluation. It appeared that 20.6 % (27 cases) had 22-A2 and 22-B2 fractures (only radius), 

55% (72 cases) were 22-A3, 22-B3 and 22-C1.3 (both bones involved), 25.2% (33 cases) were 22-

A.1 and 22-B.1 fractures (only ulna) and 16.8% (22 cases) presented 22-C.1-3 fractures. [30]  

These data appear different if compared with the numbers presented by Bucholz et al., 2009 since 

the radius bone resulted to be much more involved in forearm fractures. 

 

Chapman et al., 1989 presented the data regarding forearm diaphysis fractures in patients treated 

during a five year period with plate fixation. In total 63 fractures of the radius and 66 fractures of 

the ulna were reported for a total of 129 fractures. The presented numbers did not refer only to 

individual fractures of a bone but included also cases where both bones were injured or where a 

single bone presented more than one fracture (segmented fracture). The classification of the 
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fractures was given according to the original OTA system which is different from the previously 

described and more used AO/OTA system. The treated radius and ulna fractures were 23.2% (30 

cases) type I, 13.1% (17 cases) type II, 10.8% (14 cases) type III, 23% (29 cases) type IVa and IVb, 

15.5% (20 cases) type Va and Vb, 10.8% (14 cases) VIa and VIb, 3.87% (5 cases) VIIa and VIIb. 

The OTA classification used by Chapmann et al., 1989 to classify the shaft fractures is shown in 

Figure 20. [31] 

 

Wei et al., 1999 analyzed 32 radius and 32 ulna fractures for a total of 64 fractures caused by motor 

vehicle accidents or motorcycle accident, falls, gunshots, assaults and crushes.  

The classification adopted in this work was as well the OTA classification presented in Figure 20. 

The incidence of the various types of fractures was 26.5% (27 cases) type I, 6.25% (4 cases) type 

II, 2% (1 case) type III, 13% (8 cases) type IV, 39% (25 cases) type V, 13% (8 cases) type VI, 2% 

(1 fracture) type VII. [32] 

 

 
Figure 20: OTA fracture classification for shaft fractures [31] 

 

The shaft of the radius and of the ulna are usually further divided in three regions, a distal region, a 

middle region and a proximal region as can be noticed from the AO/OTA fracture types 22-A3.1, 

22-A3.2 and 22-A3.3 of Table 1. 

Fractures were most frequently noticed in the middle third of the forearm bones (Figure 21). [31] 
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Figure 21: Distribution of fractures on radius and ulna shafts [31] 

 

The recovery of the correct function after fractures of the forearm bones is dependent on the return 

to a correct rotation of the forearm, to the maintenance of a functional range of motion of the elbow 

and wrist and to the recovery of grip strength. 

The main parameters which influence such aspects are the restoration of a correct rotational and 

axial alignment, of normal length and of the normal radial bow. The radial bow is a very important 

factor in obtaining a positive functional outcome after fracture healing. Schemitsch et al., 1992 

showed that if the location of the radial bow was within 4-5 % of the one of the normal arm 80% of 

normal forearm rotation and grip strength could be restored. Overcorrection, undercorrection and a 

change in the location of the radial bow were all associated with a reduced grip strength and 

forearm rotation. These findings suggested that the radius has a certain morphology which 

optimizes function and which should tried to be restored after fractures and injuries. [33]  

 

1.2.1 Bone Healing  

 

The process that follows the fracture of a bone has the aim of achieving a complete structural and 

functional restoration of the injured segment. In general, fracture healing is completed by 6-8 

weeks after the initial injury. Fracture healing can be divided in two main categories: 

 

- PRIMARY BONE HEALING 

Primary bone healing requires rigid stabilization with or without compression of the bone 

ends. This rigid stabilization suppresses the formation of callus in either cancellous or 

cortical bone. This type of healing is not the most common since most fractures are treated 

in a way that a small degree of motion is allowed (for example fracture treatment with 

casts, external or intramedullary fixation allow some limited movement between bone 

ends). [34] 

 

- SECONDARY BONE HEALING 

Secondary bone healing is characterized by spontaneous fracture healing in absence of 

rigid fixation of the fracture site. Commonly, secondary bone healing is divided in 3 main 

phases which are briefly described below and shown in Figure 22. 
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 Figure 22: Phases of the secondary fracture healing process [8] 

 

1. Inflammatory phase: Immediately following the injury an inflammatory response is 

generated and can protract up to 1 week post-fracture. This reaction causes pain and 

swelling which are responses that induce a protection of the fractured site.  

During the fracture event there is also a damage of the vascular structures, therefore the 

clotting cascade is activated with the aim of limiting hemorrhage as well as helping 

building a fibrin network that provides a pathway for cellular migration. The result of 

this phase is the production of a reparative granuloma. [34] 

 

2. Reparative phase: This phase occurs within the first few days and lasts for several weeks 

with the result of developing a reparative callus tissue in and around the fracture site. 

The role of the callus is to enhance mechanical stability of the zone involved by the 

injury by supporting it laterally. 

As first step of the reparative phase fibrous tissue and cartilage begin to form and 

revascularization of the fractured site takes place. A soft callus is formed and it 

represents a first bridging of the fractured zone.  

In a second moment calcification and mineralization of the soft tissue begin, giving as 

result a rigid callus, formed by woven bone, which connects the two fracture ends. [34] 

 

3. Remodeling phase: This phase is the final part of fracture healing and begins with the 

replacement of woven bone with lamellar bone and the resorption of excess callus until 

the restoration of the normal bone architecture is achieved. This phase can last several 

years and is mainly driven by the mechanical loads which are applied on the structure. 

[34] 
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1.3 Fracture management 
 

Diaphyseal fractures of the radius and ulna are considered injuries which bring a high risk of 

functional limitation. The more proximal the injury is (proximal 1/3 shaft, proximal epiphysis and 

proximal radio-ulnar joint) the greater the blockage of prono-supination can be. [35] 

Therefore, as stated previously, the goal of the treatment must be the restoration of the length, of 

the axial alignment and of the rotation of the involved bones in order to ensure full capacity of 

pronation and supination of the forearm. The reduction of fractures of the forearm bones is 

generally performed by open reduction and plate fixation when the fracture is displaced or the 

fracture type is complex. [20] In case of undisplaced simple or wedged fractures the treatment can 

be non-surgical and a cast or brace may be used. [25]   

Various decisions have to be taken by the surgeon when reducing a forearm shaft fracture. Choices 

are necessary in terms of surgical approach, number of screws, type of screws, length of the plate, 

etc. The decisions are made considering various factors such as condition and type of fracture, 

personal preference of the surgeon, etc.  

An ideal and unique construct for diaphyseal forearm plating is probably not known and could not 

even exist since each choice made will inevitably carry positive and negative aspects with it. [36]  

Multiple devices, in terms of plates, can be used for forearm diaphysis fracture reduction: 

 

Compression plates comprehend plates which feature a hole design that allows axial compression, 

and therefore fracture reduction, by eccentric screw insertion. The screw holes of the compression 

plates can be described as a portion of an inclined and angled cylinder. The head of the screws can 

slide down the inclined shoulder of the cylinder so that when the screw is inserted and tightened the 

result is a movement of the bone fragment relative to the plate and compression of the fracture is 

achieved (Figure 23). The design of the screw holes allows obtaining a bone displacement up to 

1mm. [20] This plating technique requires pre-contouring of the plate in order to match the 

anatomy of the bone and the screws are tightened for compressing the plate on the bone surface 

since the actual stability results from the friction between the plate and the bone. The mentioned 

compression unfortunately can lead to a disturbance of the blood supply of the bone which can 

produce for example delayed healing, especially if the treated bone is not of good quality. [44] 

Compression plates generally work well for simple fractures but they appear not advantageous in 

comminuted, metaphyseal and/or osteoporotic fractures. [45] This type of plates can permit a 

primary bone healing since no motion is present at the fracture site (Chapter 1.2.1)[46]  

 

 
Figure 23: Compression Plates. The screw head slides down the inclined wall of the hole allowing the 

relative movement of the fragments and compression to be achieved. [25] 
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Locking plates are devices which use so called locking screws. These screws are characterized by 

a threaded head that matches and couples directly with the motherthread on the body of the plate in 

a position which is usually perpendicular to the long axis of the fixator (Figure 24). This provides 

great stability to the construct since the possibility for the screw of being toggled off is eliminated.  

The locking plates aim at flexible elastic fixation to initiate spontaneous healing and act more like 

“internal fixators” than plates, so they are used in order to bridge the fractured area (just like the 

external fixators). They produce axial forces which are minimal if compared with the ones given by 

standard compression plates. [20] [44] This plate concept allows a secondary bone healing since 

relative motion exists at the fractured site (Chapter 1.2.1)  

The big advantage of such devices is the reduced contact between the plate and the bone which is 

possible because the screws lock directly on the plate with the application of a small torque. These 

plates do not need to be compressed on the bone. This property limits the risk of bone damage, 

bone necrosis, preserves vascularity and allows a rapid fracture healing with callus formation 

which is not usually present when using dynamic compression plates.  

No precise anatomical contouring is needed, preventing primary dislocation of the fracture caused 

by an inexact one. [47] The usage of this kind of plates is suggested especially for high 

comminuted fractures, fractures with bone loss or fractures where anatomic reduction is impossible 

[46] 

 

 
Figure 24: Locking screw technology.  

The red arrows show the absence of contact between plate and bone [25] 

 

The locking-compression plates combine the use of conventional screws (compression 

technology) with locking screws. [20] These devices can be used, depending on the fracture 

situation, as a compression plate, a locked plate (bridging technique) or as an internal fixation 

system which presents both components and unites compression and bridging techniques.  

This versatility is very important since it allows the surgeon to decide intra-operatively whether to 

use it in the compression mode, in the locking mode or in the hybrid configuration without the need 

of having two/three diverse types of plates. The choice to use a locking-compression plate in one 

specific configuration depends on various factors such as fracture location and configuration, 

condition of the patient, presence of other implants, surgeon’s personal preference, etc.  

The usage of standard screws and locking screws in the same application is usually made for 

increasing stability since the screws are locked to the plate and the possibility of the screw to 
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toggle, slide or be dislodged is minimized without eliminating the compression of the two bone 

ends in the fracture site. [44]. Typically, conventional screws are inserted first to reduce the 

fracture. Once this is achieved locking screws are placed to optimize strength and stability of the 

construct. [48]   

The locking and compression screws are shown for the Stryker VariAx system in Figure 25. Grey 

screws are locking screws while yellow screws represent bone screws. 

 
Figure 25: Locking-Compression plate in hybrid configuration [49] 

 

The LC-DCP (Limited Contact-Dynamic Compression Plates) and PC-Fix plates (Point 

Contact Fixator represent a development of the conventional compression plate. The most 

important modifications resulted in a greatly reduced plate-bone area of contact. As mentioned 

before, the fact that DC plates were compressed on the bone to properly fulfill their work led to 

damages to the surface of the bone and to slower restoration of the integrity of it. With this 

improvement the capillaries of the periosteum of the bone are less damaged and slower bone 

healing is avoided. 

The differences regarding the contact area between the standard DCP, the LC-DCP and the PC-Fix 

are shown in Figure 26. [20] 

 

. 

Figure 26: Area of contact: Conventional DCP (top); LC-DCP (middle); PC-Fix(bottom) [47] 

 

Other plates reported in scientific works for the treatment of long bone fractures are semi-tubular 

plates which allow achieving axial compression by inserting eccentrically the screws through the 

oval holes (usually 4.5mm screws are used with it) and one-third-tubular plates which are very 

similar to the above presented ones but are designed for usage with 3.5 mm and 2.7 mm screws. 

These systems, especially the semi-tubular plates, were indicated for radius and ulna fractures but 

are not used so frequently any more since they were replaced by compression plates. [20] [50] 

These last plates described are presented in Figure 27. 
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Figure 27: Right: Semi-tubular plate; Left: One-Third Tubular plate [51] 

 

The most used products have been extracted from literature data and are Dynamic Compression 

Plates (DCP) [29] [36] [37] [30] [38] [20] [39] or Low Contact-Dynamic Compression Plates (LC-

DCP) [20] [39] [40] 

 

However, Hidaka et al., 1984 reported the analysis of fracture fixation in patients with radius, ulna 

or radius and ulna fractures treated with Dynamic Compression Plates DCP (26/32 cases), 

semitubular plates (5/32 cases) and non-compression plates (1/32 cases). [41] 

 

The clinical study performed by Rosson et al., 1991 showed as well the usage of other kind plates 

for such types of fractures. The author reported the use of compression plates (29/65 cases) and 

one-third tubular plates (36/65 cases). He also stated that compression plates were becoming more 

used at the time of the article writing. [42] 

 

The work of Rumball et al., 1990 also showed the usage of both DCP and semitubular plates even 

if the number of cases treated with each type of device was not reported. [43] 

 

DeLuca et al., 1988 reported the adoption of compression in 30/42 cases and semitubular plates in 

12/42 cases of fractures of forearm bones. [28] 

 

Chapmann et al., 1989 presented the cases of 129 patients which had a plate implanted on the 

radius or ulna shaft. For 120 patients DCP were used, for 5 cases semitubular plates were adopted 

and for 4 patients a one-third-tubular plate was chosen. [31]  

 

It is evident that the most frequently used plates are in general compression plates even if various 

cases are present in which fractures of the forearm bones were treated with other types of devices. 

All the articles reporting a use of such plates (semitubular plates, one-third-tubular, etc) were 

written before 1991. In the more recent works analyzed it appeared common practice to use 

compression plates for treatment of radial and ulnar fractures.  

 

The choice of plate length and number of screws to use is an important aspect of fracture 

management in order to ensure the generation of a construct with sufficient stability, an 

environment for adequate bone healing and a minimized damage to the soft tissues involved in the 

procedure.  

There is not a unique way to approach the fractures and different theories and ideas are present in 

literature and in the scientific world.  

The optimal construct can be defined as the one which is stable enough to allow fracture healing 

and does not result in excessive complications during and after removal. [36] 
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Commonly, most of the orthopedic surgeons tend to choose the shortest plate possible and to fill all 

screw holes until a desired number of cortices of fixation is achieved. [39] 

 

However, the most performed procedure for forearm diaphyseal fixation is the one using at least six 

cortices of fixation, corresponding to three screws inserted in each main fragment, in order to 

achieve enough stability in the forearm. 7- or 8-hole plates, with one or two holes left empty, 

should be used for transverse or short oblique fractures and 9-, 10-hole or longer plates for 

fractures where a third fragment is present. This approach showed excellent results and union rates 

of 95% - 98%. [20] [36] [52] [36]  

 

These considerations were confirmed by Mehdi Nassab et al., 2012 who state that the most 

common fixation technique for forearm bones requires 6 screws to be used. The length of the plate, 

instead, is largely dependent on the grade of comminution of the fracture. Simple fractures of the 

diaphysis of the radius and ulna for example allow the usage of 7-hole plates while more complex 

cases require usually the adoption of longer plates. [53] 

 

Various studies, however, reported that the length of the plate is one of the most important 

parameters in terms of resistance to screw pullout and maximal load applicable before failure and 

state that there is an advantage when using longer plates. [39]  

 

The idea of utilizing less screws was carried out by Lindvall et al., 2006 since previous studies 

seemed to show that when inserting three screws per bone fragment the central screw did not really 

have a specific and important function. In fact the results obtained using plates of different length, 

always 4 screws and always the same number of available holes outside the fracture zone (6 holes) 

showed equivalent union rates (no statistical comparison performed) compared with the cases 

where two more screws were used. These results were accepted and confirmed by various works 

which as well reported that the usage of fewer screws, more spaced between each other, even led to 

the creation of a more stable construct. [36] 

 

Analogous conclusions were presented in the work performed by Sanders et al., 2002 where it 

appeared that once the working length (= fracture zone) is minimized and the plate length is 

maximized no more than four screws are needed. [52]  

 

Another aspect to be considered is the fact that short plates with all the holes filled by screws form 

a more rigid construct compared to when longer plates with some free holes are implanted. This 

can lead to increased risk of stress shielding and weakening of the bone cortex. [36] 

The increased number of holes when using six screws instead of four also results is a more 

weakened bone (more drilled holes and therefore more removed material) and in a greater number 

of sites of stress rising.  

However, various other articles suggested that 4 cortices of fixation per each side of the forearm 

shaft fracture are not sufficient since failure rates were reported to be higher than when six total 

screws were used. 

 

In forearm shaft fractures, in addition to the plates, mainly when oblique or spiral fractures are 

present, the use of a lag screw is suggested in order to compress together the bone fragments.  



1. Background 

Experimental and computational evaluation of the re-fracture risk of the radius after screw removal 

28  

 

The plate implanted together with the lag screw can act in “stress neutralization mode” since the 

lag screw cannot withstand high degrees of axial loads or in “compression mode” with the 

successive addition of the lag screw through the plate to help this function. [25] 

The lag screw can be inserted through a screw hole or independently as shown in Figure 28. When 

3.5 mm screws are used in the plate usually 2.7 mm bone screws are suggested as lag screws for 

forearm shaft fractures. [54] [20]  

The lag screw is inserted perpendicularly to the fracture plane in order to work in the most effective 

way possible and avoid fracture displacement when the screw is tightened. [25]  

 

 
Figure 28: Forearm shaft fractures managed with lag screws and plates.  

Top: Lag screw inserted through the plate; Bottom: Lag screw inserted independently [8] 

 

In Figure 29 the two possible types of lag screws are shown.  

 

 
Figure 29: Left: True lag screw used; Right: Fully threaded screw used as lag screw.  

Perpendicular application of the screws can be noticed [25] 
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1.3.1 Surgical Approaches 

 

The surgery for reducing forearm shaft fractures is quite complex. Regarding the fractures of the 

diaphysis of the radius two approaches are generally used to reach the bone and be able to implant 

plate and screws. 

 

I. Dorsolateral (Thompson) Approach 

This approach offers good exposure of the middle and distal third of the radius shaft. The 

two landmarks of such approach are the lateral epicondyle of the humerus and the styloid 

process of the radius or the Lister’s tubercle as shown in Figure 30. 

 

 
Figure 30: Dorsolateral approach to the radius. Landmarks and incision [25] 

 

The access to the radial shaft is placed between the extensor carpi radialis brevis and the 

extensor digitorum muscles which have to be split along the septum. It might also be 

necessary to mobilize the abductor pollicis longus in order to be able to place the plate 

when distal shaft radius fractures are present. Some fracture configurations could need the 

mobilization of the pronator teres as well. 

In performing the Thompson approach the radial nerve is vulnerable and particular 

attention is made in not damaging it. [20] [25] The plate positioned through the described 

approach is shown in Figure 31. 

 

 
Figure 31: Dorsolateral plate [25] 
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II. Volar (Henry) Approach 

This approach offers good exposure of the whole length of the radius. The two landmarks 

are the biceps tendon which crosses the front of the elbow joint and the styloid process of 

the radius as can be seen in Figure 32. The length of the incision depends on the extent of 

exposure needed 

 

 
Figure 32: Volar approach to the radius. Landmarks and incision [25] 

 

This approach requires attention in regards to the radial artery, which lies deep to the 

bracoradialis in the middle part of the forearm, and to the radial nerve which is placed 

laterally to it. The plate placement is allowed if the supinator muscle is incised and gently 

elevated from the surface of the bone (placement on proximal third), the pronator teres is 

partially detached from the radius surface (placement on the middle third) and the flexor 

pollicis longus and pronator quadratus are elevated (placement on the distal third). [20] 

[25] The plate placed following the volar approach is shown in Figure 33. 

 

 
Figure 33: Volar plate [25] 
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1.4 Screw removal 
 

The removal of the implanted plates after fracture healing is not mandatory and rarely indicated. 

This suggestion is made because there is a risk of complications, such as neurovascular injuries and 

re-fractures during and after the removal procedure. However, in some situations the removal is 

indicated. In these cases it is suggested to perform it at least 2 years after the internal fixation has 

taken place. [20] When plates and screws are removed from the bone, screw holes are present and 

defects remain visible for many months since the growth of fibrous tissue and re-ossification of the 

site requires time. [55] Holes left after screw removal are filled initially by fibrous tissue or 

fibrocartilage which are then replaced with woven bone (isotropic material formed by an irregular 

pattern of collagen with increased cellularity and an irregular pattern of mineralization) and 

successively with lamellar bone (anisotropic material). [56] 

 

Various studies have been undertaken in order to study the time needed to achieve a complete 

filling of the holes left by the screws with newly formed bone. Many studies have taken animals as 

models for the tests. Results of these studies are not completely comparable with humans. 

Burstein et al., 1972 performed tests on rabbits. Self-tapping screws were inserted and then 

removed from the femur of the animal leaving a tapped hole. After four weeks the amount of 

formed bone was evaluated. It appeared that most of the specimens presented a great portion of the 

hole with new bony tissue but the hole was not completely re-filled. [55] 

 

Rosson et al., 1991 performed, instead, tests on humans. He showed that bone mass was close to 

normal, in correspondence of the screw defects after approximately 18 weeks in humans. The 

healing process was much slower than in animals as can be noticed comparing these results with 

the findings of Burstein et al., 1972. The fact that bone mass recovers in 4-5 months after hardware 

removal, however, does not prove that the bone structure recovers at the same time the mechanical 

and strength properties. [57] 

 

Other authors stated instead that the exact duration of bone strength reduction due to screw holes is 

approximately 1 to 2 months. [56]  

 

An interesting finding by Burestein et al., 1972 was the fact that the bone formed to fill the hole 

appeared at first in the outermost portion of the cortical defect. Slowly it became thicker until it 

managed to completely fill the defect. From an engineering point of view this is actually the most 

efficient and rapid way to remove the stress concentrating effect of the hole. [55] 

 

From a mechanical point of view the presence of a change of section (hole, groove, etc) in any sort 

of structural member leads to two main consequences: 

 

i. The cross section in correspondence of the hole is smaller. This causes, for example during 

tension or bending, the generation of a greater stress if compared to the situation when no hole 

is present.  
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- Tension: the stress (σ) is given by the ratio between the applied force (F) and the cross 

section (A) as seen in (1).  

If the cross section decreases there is an increase of the generated stress. 

 

    
 

 
                        (1) 

 

- Bending: Since the stress (σ) depends as well on the second moment of inertia (I), a 

decrease of this last parameter (given for example by a reduction of area) leads to a 

higher stress level. y represents instead the distance between the neutral axis and the point 

where the stress wants to be calculated. The stress equation is reported below.  

 

  
 

 
           [MPa]       (2) 

 

During tension or bending, an increase of the diameter of the hole causes the generation 

of higher stresses 

 

ii. The presence of a hole or of a change of section also results in a modification of the simple 

stress distribution, localized high stresses in fact occur near the section variation.  

This localization of high stresses is known as stress concentration and can be described by the 

stress concentration factor (kt) of equation (3) where σmax is the maximum stress actually 

present and σnom is the stress calculated for example through (1) and (2) without considering 

any stress concentration effect. 

  

    
    

    
          [-]       ( 3) 

    

The result in terms of stress distribution for a bar with a hole in tension is presented as 

example in Figure 34. [58] 

 

 
Figure 34: Stress concentration in a bar with hole [59] 

 

The stress concentration factors kt which arise in correspondence of holes of different 

dimensions are displayed in Figure 35. 

It can be noticed that with small d/H ratios the corresponding stress concentration factor is 3 

meaning that the σmax present is three times the stress calculated without taking into account 

the stress concentration caused by holes. 

Kt (and consequently σmax) decreases when the ratio d/H gets bigger, for example when the 

hole size increases. 
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Figure 35: Stress concentration factors for the bar with hole in tension [60] 

 

The principal aspect which is evident from the above presented discussion is that the presence of a 

hole can influence the maximum stresses in two opposite ways. The presence of bigger holes leads 

to higher nominal stress (see formula (1)) but lower stress concentration (see Figure 35). 

 

Several scientific studies had the goal of evaluating the influence of the hole in the risk of re-

fracture of long bones. 

Rosson et al., 1991, for example, experimentally evaluated the influence of screw holes in reducing 

the strength of the bone by comparing the energy to failure absorbed by the structure with and 

without defects when a three point bending test was performed. Holes drilled were of 1.5 mm and 2 

mm.  

The results regarding the 1.5mm hole actually showed that the presence of such holes reduced the 

maximum applicable bending moment to 70% of the one applied when the intact bone was tested 

and the adsorbed energy to 53% of the one present in normal conditions. The 2 mm holes showed a 

66% bending moment reduction and a 49% adsorbed energy reduction compared to the situation 

when no hole is produced on the bone.  

Such results show the great effect of residual screw holes on the strength of the bone and on its 

capacity to adsorb energy. [61]  

 

Johnson et al., 1997 tested in a three point bending test to failure configuration various cadaver 

fibula bones with and without a 3.5mm single hole drilled in the diaphyseal region. The results 

showed that the bones which presented the hole experienced failure with the application of 59.63% 

of the load needed to break the intact bones. [56] 
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1.5 Re-fractures 
 

Re-fractures in forearm bones after plate removal vary in literature from 1 to 35%. [43] The causes 

of such complications can be multiple. Re-fractures due to inadequate technique, delayed union or 

non-union and premature plate removal have been mostly reported. [23] 

The interest of this study regards the analysis of the re-fracture patterns of the radius bone shaft due 

to the presence of holes derived from the removal of the previously implanted plates and screws.  

 

Chapman et al., 1989 analyzed the healing of forearm shaft fractures after treatment with 

compression plates of 63 radius bones and 66 ulnas. The surgical approaches chosen were the 

Henry approach when the fractures involved the distal one third of the radius, the Thompson 

approach when the middle one third had to be exposed and the Henry or Thompson approach when 

the proximal portion of the shaft had to be treated. 

The removal of plates was rarely done before 12 months from the implant and was always 

performed after achievement of union between the bone fragments.  

In total 31 3.5mm AO compression plates, 2 4.5 mm AO dynamic compression plates and 1 semi-

tubular plate were removed. Both bones which had the 4.5 AO dynamic compression plate re-

fractured through a screw hole while no re-fracture was noticed on patients which had the other 

plates removed. [31] 

 

193 fractures of the radius treated with compression plates were analyzed in the work of Anderson 

et al.,1975. The dimension of the used screws was not reported. When the fracture involved the 

distal half of the radius the anterior (Henry) approach was used, when it was on the proximal half 

the dorsal (Thompson) approach was preferred. For fractures involving the middle third of the 

radius both approaches could be used.  

The chosen plates were 4-hole plates for non-comminuted transverse fractures, 5-hole and 6-hole 

plates for comminuted fractures or when there was obliquity of the plane of fracture.  

Less than 10% of the plates were removed already after a few months and 8 re-fractures occurred 

in the first few weeks after hardware removal. Of the total number of re-fractures 3 were due to the 

presence of the screw hole and occurred in correspondence of the most distal one. [37] 

 

Hidaka et al., 1984 analyzed the treatment of 32 fractures of forearm shaft bones. 14 fractures 

involved the radius and 18 fractures the ulna. The cases were treated implanting 26 DCP with 5, 6 

or 7 screw holes (no screw dimension mentioned), 5 semi-tubular plates and one AO non-

compression plate designed for forearm bone. The plates were removed after complete healing had 

been clinically confirmed and was elective or was due to slight discomfort of the patient. 

Re-fractures occurred in 7 cases. Three re-fractures happened through the original fracture site, 

three involved the original fracture site and the nearest screw hole and one re-fracture was through 

a screw hole. [41] 

 

Patients who had fractures of radius and ulna (88 fractures in total) were treated with plate fixation 

in the work presented by Rumball et al., 1990. The used plates were semi-tubular plates, narrow 4.5 

mm DCP and small 3.5 mm DCP. Plates were removed after an average of 15.3 months. Four re-

fractures occurred after plate removal. Two involved only the old fracture site, one involved the 

hole left by the removal of the screw and one involved both the fracture site and the nearest hole. 
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The two holes which were involved in re-fracture had a 4.5mm screw implanted. [43] 

 

Rosson et al., 1991 presented the results of the treatment of 73 fractures of radius and ulna using 

plates. In particular 36 one-third tubular plates and 29 DCP all with 3.5 mm screws were implanted 

on the patient’s bone. An interfragmentary screw was used outside the plate in 5 cases. 

Re-fracture was present in four cases; three occurred in correspondence of the original fracture site 

and one in correspondence of the defect produced by the removal of the countersunk 

interfragmentary screw after 10 months. [42] 

 

Hertel et al., 1996 analyzed the outcomes of 132 fractures of radius and ulna occurred during a ten 

year period. Every fracture was stabilized with 3.5mm dynamic compression plates which were 

removed at the surgeon’s discretion (70% of the removals were performed at a mean of 33 months 

after the first operation). Three re-fractures were noticed and only one occurred through the screw 

hole but it was a iatrogenic fracture (probably induced by medical treatment and therefore it was 

probably avoidable). [30] 

 

The above presented results regarding re-fracture through the screw hole are summarized in Table 

2. 

  

Source 
Total plates 

removed 

Number of re-fractures through 

screw holes (%) 

Dimension of screws 

involved in re-fracture 

Chapmann et al., 

1989 [31] 
34 2 (5.88%) 4.5 mm 

Anderson et al., 

1975 [37] 
circa 19 3 (15%) n/a 

 

Hidaka et al., 1984 

[41] 

 

32 

1 (3.125%) fracture only through 

screw hole 

3 (9.375%) fracture through screw 

hole and original fracture site 

n/a 

Rumball et al., 

1990 [43] 

 

88 

1 (1.13%) fracture only through 

screw hole 

1 (1.13%) fracture through screw 

hole and original fracture site 

4.5 mm 

Rosson et al., 1991 

[42] 
73 1 (1.36%) 3.5 mm + counterink 

Hertel et al., 1996 

[30] 
32 1 (0.75%) 3.5 mm 

Table 2: Summary of the analyzed literature regarding re-fractures through the screw hole
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2. Experimental Testing 
 

The experimental test had the aim of evaluating the eventual influence that the holes, left in 

consequence of screw removal, have on the failure of the radius bone during mechanical loading. 

As reported in the previous section there are various clinical evidences that confirm the actual 

possible re-fracture of the bone in the time between implant removal and screw hole filling by 

newly formed bone. 

The objective of this section was therefore to quantitatively characterize, through an experimental 

test, the difference in terms of possible re-fracture between bone with and without holes and to 

compare various situations in regards to possible implanted screws and plates. 

The idea behind the experimental test was to simulate implant and removal of plate and screws in a 

radius bone model and analyze how the system behaved during mechanical testing in comparison 

to the untreated bone (without holes). 

Various points had to be evaluated in the definition of the actual experimental tests, setups and 

comparisons to be made. Every decision was made considering clinical, anatomical, mechanical 

and biomechanical aspects.  

 

2.1 Material and Methods 
 

2.1.1 Clinical Decisions 

 

The definition regarding which material would be used, which comparisons would be made and 

which setup would be adopted for the experimental test performance needed at first some clinical 

decisions and considerations to be made. These decisions would have an influence on all the 

following steps. 

As first step the specific type of fracture for which fixation would be simulated, the type of surgical 

approach, the plate length and the total number of screws to implant were defined according to 

clinical practice, literature data, Stryker Marketing inputs and Dr. Adamany’s and Dr. Araghi’s 

feedback. 

 

 FRACTURE TYPE AND LOCATION 

The type of fracture for which plate and screw implant and removal would be performed 

was decided according to literature data (see Chapter 1). The choice criterion was, 

therefore, the most frequent radius fracture types reported in scientific papers. The 

percentage of incidence of each major fracture group found in scientific works, analyzed in 

Chapter 1.2, is summarized in Table 3. 

The division of fractures was made according to the AO/OTA classification: type A 

fractures represents simple fractures (transverse-oblique-spiral), type B comprehends all 

wedged fractures and type C includes more complex fractures such as comminuted, bifocal 

fractures etc. [20] 
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Reference Type A fractures (%) Type B fractures (%) Type C fractures (%) 

Bucholz et al., 2009 [23] 86.4% 11.9% 1.7% 

Wei et al., 1999 [32] 34.75% 13% 54% 

Chapmann et al., 1989 [31] 47.1% 23% 30.17% 

Lindvall et al., 2006 [36] 39.6% 47.1% 13.2% 

Average 51.96% 23.75% 24.76% 

Table 3: Occurrence of the different fracture types 

 

As evident from the presented table type A fractures (simple fractures) are the most common in the 

radius (Figure 36) and in general in forearm shaft bones. 

A minor incidence was in general noticed for type B and type C fractures. 

The specific fracture chosen, belonging to type A, was the transverse fracture. 

The exact location of the fracture was decided to be the middle portion of the shaft since it is the 

most frequently fractured area as shown in Figure 21 in Chapter 1.  

 

 
 

 
Figure 36: Transverse (top) and oblique (bottom) radius shaft fractures [8] 
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 SURGICAL APPROACH 

The common surgical approaches for radius fracture fixation have been described in 

Chapter 1.3.1. Both approaches are possible and are commonly used for the fixation of 

diaphiseal fractures of the radius and are characterized by positive and negative aspects. 

For example the Henry approach assures the presence of better soft tissue coverage of the 

implanted plate and its easier placement since the volar surface of the bone is flat. This 

approach has, although, the disadvantage of not permitting the implant of the plate on the 

most frequently tensioned side of the bone (dorsal surface) which is possible via the 

Thompson approach. The negative aspect of the dorsal approach is, instead, the big risk of 

damaging the posterior interosseous nerve during plate insertion and removal. [62] 

Eglseder et al., 2003 stated that the anterior plating (Henry approach) is usually preferred 

since it is easier to perform and has a reduced risk of damaging the surrounding structures 

(neves and tendons). [40] However, the choice of one specific approach is taken, in most of 

the cases, according to the surgeon’s preference. [25] 

The surgical approach chosen for this work was the Henry approach especially for the ease 

in plate implant due to the presence of a flat and defined surface.  

 

 PLATE LENGTH AND SCREW NUMBER 

The choice regarding the length of the plate and the number of screws for simple transverse 

fractures was made considering the data presented in Chapter 1 which are summarized in 

the following table. 

 

Reference Plate length suggested Number of screws suggested 

Rüedi et al., 2000 [20] 7-hole / 8-hole 6 screws 

Mehdi Nassab et al., 2012 [53] 7- hole plate 
4 screws are suggested 

6 screws are common 

Lindvall et al., 2006 [36] 7-hole plate 
4 screws are suggested 

6 screws are common 

Sanders et al., 2002 [52] maximized 
4 screws are suggested 

6 screws are common 

Roberts et al., 2007 [63] 8-hole plate 6 screws 

Table 4: Plates and screws suggested in literature 

 

As evident, most of the presented works suggest using, for diaphyseal simple fractures of 

the radius, 7-hole plates. 

There is less agreement regarding the number of screws since various authors have proved 

the non-difference in terms of strength, healing time and healing capacity between the 

usage of 6 screws and the usage of 4 screws. Since fewer screws allow a smaller damaging 

of the bone it was suggested by various authors to adopt this last configuration.  

Anyway, as stated in Chapter 1, the use of 6 screws appears the most common between 

orthopedic surgeons. For this reason the chosen configuration for this test campaign was a 

7-hole plate with 6 screws, leaving the empty hole in correspondence of the imaginary 

fracture site. 
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 PLATE TYPE 

As already mentioned in Chapter 1.3 various solutions are possible regarding the type of 

plates to use in case of radius shaft fractures. The systems which were adopted for the tests 

are here reported and they were mainly chosen because largely used by surgeons, because 

specifically suggested for radius forearm shaft fractures by the relative operative 

techniques and because they allow versatility in terms of plating technique. 

Stryker offers the VariAx Straight Narrow plating system which comprehends locking 

compression plates which enable surgeons to fix a variety of small fragment midshaft 

fractures. These plates allow the usage of locking screws (which can be placed with a 15° 

angulation in each direction) together with non-locking screws, giving flexibility to the 

surgeon in terms of plating technique. These plates can therefore be used as compression 

plates, bridging plates or neutralization plates. [49]  The Stryker VariAx, 7 hole, straight 

narrow plate used (Ref#: 629527) is shown in Figure 37. 

 

 
Figure 37: Stryker VariAx 7 holes straight narrow plate 

 

A second possibility for the fixation of forearm shaft fractures is given by DePuy Synthes 

3.5 mm LCP plates. These plates have the characteristic of presenting combi-holes which 

allow placement of standard cortex screws on one side of them and locking screws on the 

opposite side. LCP plates can be used in compression configuration (with conventional or 

cortex screws), in locking configuaration and with combined cortex and locking screws. 

[64] The DePuy Synthes 3.5 mm LCP 7 holes plate (Ref#:233.571) is shown in Figure 38: 

 

 
Figure 38: DePuy Synthes LCP 3.5mm plate  

 

 SCREW TYPE AND SCREW DIMENSIONS 

The decision regarding which type of screws would be used depended on the plating 

technique chosen by the surgeon. For radius midshaft transverse fractures compression is 

usually required. [25] The above chosen plates allow obtaining compression in two ways: 

through the use of only bone screws (standard configuration) and through the combined use 

of bone and locking screws (hybrid configuration). Therefore, the chosen type of screws 

for the present work comprehended both locking and compression screws. Their diameter 

was chosen after literature research (Chapter 1) and after the evaluation of what 

possibilities were given by the chosen plating systems (VariAx straight narrow plates and 

DePuy Synthes LCP plates).  
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Literature research showed that 3.5 mm screws are nowadays the most widely used in 

forearm clinical applications. The Stryker VariAx Straight Narrow plating system allows 

the usage of the 3.5 mm screws and of 2.7 mm screws as well [49] while the DePuy 

Synthes LCP 3.5 mm plates permit the use of only 3.5 mm screws. [64] 

It was also noticed that for a long period 4.5 mm screws were used, even if it seemed they 

could lead to higher re-fracture risk after removal.  

The length of the screws was not an important parameter for this test since its aim was the 

evaluation of the influence on the fracture risk of the radius of holes of different 

dimensions left in consequence of screw removal. The length of the screws was then 

chosen according to the availability in stock. All the screws used for this work are listed in 

the following table and are shown in Figure 39 and Figure 40. 

 

Screw Ø 

[mm] 

Length 

[mm] 
Screw type Producer Ref # Reason of choice 

3.5 mm 32 mm Bone screws Stryker 614832 -Most frequently Ø used in 

clinical applications. 

-Standard and hybrid 

configuration possible 

3.5 mm 32 mm Locking screws Stryker 614632 

3.5 mm 32 mm Cortex screws 
DePuy 

Synthes 
204.832 

-Most frequently Ø used in 

clinical applications. 

-Standard and hybrid 

configuration possible 
3.5 mm 32 mm Locking screws 

DePuy 

Synthes 
212.111 

2.7 mm 32 mm Bone screws Stryker 614732 -Screw dimension offered by 

the VariAx plating system for 

forearm bones 

-Standard and hybrid 

configuration possible 

2.7 mm 32 mm Locking screws Stryker 614532 

4.5 mm 32 mm Bone screws 
DePuy 

Synthes 
414.830 

Screws used in the past which 

showed clinically higher re-

fracture risk 

Table 5: Screw adopted in the present work 

 

    
Figure 39: Left Top: DePuy Synthes 3.5mm cortex screw; Left bottom: DePuy Synthes 3.5mm locking 

screw; Right: DePuy Synthes 4.5mm cortex screw   

 

     

Figure 40: Left: Stryker locking an bone screws 3.5mm; Right Stryker bone and locking screws 2.7 mm 
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2.1.2 Test Definition 

 

The ideation, design and production of the test setup and of the samples used for the experimental 

test performance comprehended all the clinical considerations discussed in section 2.1.1 as well as 

various mechanical and biomechanical aspects which are presented below. 

 

The first step in the definition and design of the test setup regarded the evaluation of the loads and 

loading patterns which lead to the chosen fracture type (radius diaphyseal transverse fracture).  

This aspect was thought to be of major importance in the definition and in the justification from an 

injury point of view of the loading conditions to apply. An understanding of how bones respond to 

loads can help evaluating the forces and force patterns that caused the damage. 

The bone, as most of the materials, is weakest in tension and strongest in compression. Therefore, 

when one or more forces create tensile stresses in one region, failure will most likely happen there. 

The application of a pure bending moment on a long bone produces the elongation of one surface 

of the bone itself and the compression of the opposite portion. The failure initiates with the 

formation of a crack (when the failure stress is reached) on the surface characterized by tension, 

which then propagates until total failure of the structure occurs. The fracture generated by pure 

bending moments usually appears as a transverse fracture. This kind of fracture is normally seen on 

bones which are not bearing weight and are struck by a direct blow. Transverse fractures can also 

happen in presence of simple traction forces. [23] [65] [66] 

 

 
Figure 41: Transverse fracture on a long bone produced by a bending moment [67] 

 

Since it is most likely that a forearm bone fractures in consequence of the application of a bending 

moment rather than of a tensile force (since muscle tension tends to compress the bones) the 

application of one or more bending forces appeared to be a possible and justified solution for the 

performance of the experimental tests. 

From a mechanical point of view the failure of a structure in presence of a bending moment can be 

described by equation (2) initially reported in Chapter 1 and presented again below.  

In reference to the real bone structure, the application of the following equation could not give the 

exact stress value reached since the geometry of the bone is usually simplified in order to be able to 

use the formula. However, the result of the calculation can give an idea about the stress level 

reached when applying a certain force. 

 

  
 

 
   [MPa]  (2) 
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When σ (stress induced by the applied moment) reaches the stress limit of the material, usually 

σrupture for brittle materials (ex. cortical bone) and σyielding for ductile materials, the structure will fail 

(breakage or yielding). 

 

The second aspect which was considered in defining the type of test performed comprehended the 

analysis of the forces that act on the radius bone during normal activities. 

As described in Chapter 1 the muscles which find attachment on the radius are various and each 

one of them has a specific function to carry out.  

Since the arm and forearm are the compartments which possess the main function of rotating the 

hand in space they must have a wide range of motion in order to precisely reach various positions 

with sufficient accuracy. The upper extremity complex permits to have an elbow flexion between 

0° and 142°, 80° of pronation and 90° of supination capability. [68] 

This range of motion, especially of the prono-supination, is permitted by the rotation of the forearm 

about a longitudinal axis passing approximately through the head of the radius and the lower end of 

the ulna. During the movement of pronation, the radius, carrying the hand with it, turns antero-

medially across the ulna with the result that its lower part comes to lie medially to the ulna and the 

palm faces posteriorly. Oppositely during supination, the radius goes back to its original position 

(parallel and lateral to the ulna) so that the palm faces anteriorly. [6] [69] The forearm bones during 

pronation and supination are shown in Figure 42. 

 

 
Figure 42: Forearm bones during pronation and supination [11] 

 

As evident from the previous figure the orientation of the forearm bones can vary considerably. In 

fact, in supinated position the volar surface of the bone faces anteriorly while in pronated position 

it faces posteriorly and the radius crosses the ulna. Therefore similar actions performed with the 

forearm in pronated or supinated position will stress the bone structure in completely different 

ways, also because the muscle attachments are fixed and do not change in dependence to the rate of 

rotation reached. 
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A literature research was performed with the aim of evaluating if some scientific works giving an 

overview about the main loads acting on the radius shaft, existed. The first outcome of the research 

was the wide range of results reported for the reason that the movements that can be performed and 

the orientations that can be assumed by the radius are multiple. In addition, every action requires 

the activation of different muscles and therefore different force and stress patterns on the radius and 

ulna. 

 

For example, Ekenstam et al., 1984 evaluated the compression forces that acted on the radius and 

ulna in correspondence of various orientations of the forearm during a test on cadaveric limbs when 

diverse axial loads were applied on four tendons of the wrist. The result showed that it did not 

matter whether the forearm was in neutral, supinated or pronated position. The radius in fact 

always bore the biggest part of the load (63 – 92 %) in comparison to the ulna. [70] 

Similar test was performed by Palmer et al., 1984. The results of this work were in accordance with 

the previously reported ones. The radius, in fact, showed to carry approximately 80% of the axial 

load of the forearm, even when in different positions. [71]  

The two summarized works showed that when axial forces are applied to the forearm the radius 

bears the biggest portion of the loads. However, the presented tests were performed to simulate just 

one type of situation, the loading caused by the wrist muscles, in correspondence of different 

forearm orientations. This was not considered as a situation of main interest for the purpose of this 

work since it did not analyze a defined and specified action. It only justified the choice of 

evaluating the radius bone behavior after screw removal since it commonly carries more loads. 

 

An internal test which used the software Anybody Modeling System (AMS) V. 4.1 was analyzed. 

The aim of the test was to evaluate the forces and moments acting on the forearm bones during 

common daily activities. In particular the lifting of a box of 2, 5, 10 Kg with both hands and of a 1, 

2, 5 Kg weight with one hand were simulated. The results are presented in the following figures for 

the 5 Kg actions, together with the coordinate system used to define forces and moments. [72] 

 

 
Figure 43: Coordinate system for the AnyBody study [72] 
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Figure 44: 5 Kg box lifting with both hands. Left: Internal forces; Right: Internal moments [72] 

 

 
Figure 45: 5 Kg weight lifting with one hand. Left: Internal forces; Right: Internal moments [72] 

 

The analysis of Figure 44 and Figure 45 showed that both actions analyzed led to evident 

compression of the radius (Fy) in a stepwise trend. This happens because the attachments of the 

muscles, as described in detail in Chapter 1, are located at different distances from the distal radius 

joint. Therefore, each step occurs at the insertion point of a muscle where a new compressive force 

sums to the one present more distally. The region subject to maximum compression is the most 

proximal part of the radius, where the axial forces given by each muscle are summed. The two 

analyzed movements showed a similar force pattern since muscles always work compressing the 

bones and the attachment sites are in both cases the same. Shear forces (Fx and Fz) are not so 

influent if compared to the axial loads. 

On the opposite, the moments generated during the box lifting and during the one hand weight 

lifting do not show any similarity between themselves.  

In the box lifting Mx and Mz assume a higher average value if compared with My (torque) while 

during the action of weight lifting with one hand My and Mz assume in general greater absolute 

values in comparison to. Mx.  

The problem in such results was the difficulty in understanding what stress was generated by each 

moment since it is not clear from the related report if the associated coordinate system moves 

together with the bone movement or if it is fixed in the elbow joint.  

Secondarily, the complexity of the moment trends on the bone and their difficult reproduction in an 

experimental test are evident.  

The already mentioned big difference present between moment trends, when different activities are 

performed, would require the analysis of a great number of situations for finding the worst case to 

reproduce accurately in an experimental test. 
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Moments generated by the execution of daily activities were also studied by Winemaker et al., 

1998 who instrumented external fixators with strain gauges in order to quantify bending and 

torsional forces. The patients which had the system mounted were four and had a metaphyseal 

fracture of the distal radius. The results of the test in terms of maximum moments recorded are 

given in Figure 46. 

 

 
Figure 46: Maximum flexion and torsion on the forearm external fixator [73] 

 

Flexion-extension bending refers to an antero-posterior moment on the radius while radio-ulnar 

bending to a medio-lateral moment on the bone itself. 

The results of this work show that during normal life activities medio-lateral and antero-posterior 

flexions are the most present on the external fixator and therefore on the radius bone. 

However, it must be kept in mind that the numerical values obtained were measured on the bar of 

the external fixator. Therefore, the entity and relationship between moments actually present on the 

bones might be different since there could be various factors which alter the measurement. [73]   

 

The most evident aspect from the analyzed scientific works is that it did not appear possible to find 

a consistent number of articles which considered and compared the same situations or defined a 

worst case in terms of forearm loading. As mentioned previously, in fact, the possible movements 

of the upper extremities is very wide and the choice of one specific activity on which to analyze 

and compare all the present forces, moments and stresses was never performed. 

It was therefore decided to analyze the standard situation described by the biomechanical model of 

the  flexed elbow with the forearm in supinated position presented in various books (for example 

Frankel et al., 1980 [69]) since it represented a well-established study case (Figure 47). 

 

 
Figure 47: Elbow and forearm biomechanical model [74] 
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Muscles were intentionally not inserted in Figure 47 since the idea was to also consider 

electromyography (EMG) data which would help choosing the most active and most important 

muscles attached on the radius when the elbow is in 90° flexion with the forearm in supinated 

position. 

 

Frenkel et al., 1980 and Berme, 1980 gave an idea of the most activated muscles of the forearm 

during elbow flexion. Regarding only the muscles inserted on the radius the biceps brachii and the 

brachioradialis were considered as primary flexors while the pronator teres was described as 

accessory flexor. [69] [75] 

 

Naito et al., 1998 performed electromyographic measurements during a forearm pronation -

supination - pronation movement against increasing torques while the elbow was flexed at different 

angulations. 

The results showed the same pattern of activation of the muscles. The differences were evident in 

terms of activation entity: the higher torque caused, in fact, higher muscle contraction. The results 

of the measurements with the elbow flexed at 90° are shown in Figure 48. The highlighted muscles 

are the muscles which insert on the radius bone (BL and BS represent the long and short heads of 

the biceps brachii; BR represents the brachioradialis) while B (brachialis muscle) and TL (lateral 

head of triceps brachii) find attachment on the ulna. 

 

 
Figure 48: EMG measurements for pronation-supination-pronation of the forearm in 90° flexion against 

2.4 Nm and 7.2 Nm torque  [76] 

 

The result of the study showed an increase of the activation of the biceps brachii muscle and a 

decrease of the brachioradialis when the forearm is in supinated position. Despite the mentioned 

decrease, the brachioradialis muscle is still significantly active during supination. [76] 

The analyzed EMG results are summarized in the following table.  

 

Source Main flexor muscles Accessory flexor muscles 

Frenkel et al., 1980 [69] Biceps brachii, brachioradialis Pronator teres 

Berme, 1980 [75] Biceps brachii, brachioradialis - 

Naito et al., 1998 [76] Biceps brachii, brachioradialis - 

 Table 6: Main activated muscles during elbow flexion with supinated forearm  

 

The analysis of the above presented EMG data suggested the choice of the biceps brachii, 

brachioradialis and pronator teres muscles to be inserted in the previously presented biomechanical 

model. 

The resulting model, comprehensive of the selected muscles, is shown in Figure 49.  
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Figure 49: Forearm biomechanical model with the three considered muscles 

 

The work of Amis et al., 1980 gave the values of the normalized components of the force exerted 

by each forearm muscle (FX, Fy, Fz) during different positions in terms of degree of elbow flexion. 

[77]. The knowledge of FX and Fy allowed the calculation of the angle between each muscle 

insertion and axis of the bone through the following formula: 

 

             
  

  
   (4) 

 

The values of the two normalized components of the force and of the angles calculated between 

each muscle and the x axis (longitudinal axis of the radius) are listed in Table 7 for the elbow in 

90° flexion. 

 

Muscle Fx Fy angle[°] 

Brachioradialis -0.916 0.389 α = 23,01° 

Pronator Teres 0.956 0.071 β = 4.23° 

Biceps Brachii -0.168 0.985 γ = 80.32° 

Table 7: Fx and Fy relationships for the muscles inserted on the radius 

 

The values presented in Table 7 show how the force is divided between horizontal and vertical 

components in the x –y plane. It is evident that the biggest part of the force exerted by the biceps 

brachii is vertical while the biggest part of the force exerted by the brachioradialis and by the 

pronator teres is horizontal. 

The studied situation (Figure 49) can be developed as shown in the following figure. The grey 

arrows represent the exchanged forces and moments between radius and humerus in 

correspondence of the elbow joint. 
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Figure 50: Biomechanical model of the forearm.  

FBB: biceps brachii force; FPT: pronator teres force; FBR: brachioradialis force 

 

The distances between the points of application of each force and the elbow joint have been taken 

from various sources and are listed below: 

 

Dimension Distance between Distance Source 

a Elbow – biceps brachii 50 mm Frankel et al., 1980 [69] 

b Elbow – pronator teres 125 mm Anatomical tables 

c Elbow – brachioradialis 230 mm 
Measurement on CAD 

radius model 

d Elbow – hand center 350 mm Stanley et al., 2012 [68] 

Table 8: Distance between the elbow joint and the insertion of the considered muscles 

 

Calculating the equilibrium equations the following system was obtained: 

 

 

                                   

                                           
                                        

       (5) 

 

The axial and compression trends that appear on the radius are presented in the following figure. 

Since the force values are not known the trends are just indicative. The relationship between each 

zone was in fact made qualitatively but keeping in account the muscles that are generally more 

active and the prevalence of Fx or Fy  for each muscle. 
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Figure 51: Qualitative Axial (N) and shear (T) trends resulted from the biomechanical model 

 

The moment trend can also assume various different shapes since it depends as well on the entity of 

the forces exerted by the muscles, on the carried load W and on the angle of flexion of the elbow. 

A possible moment trend on the radius is presented in Figure 52. The slopes were qualitatively 

drawn keeping in consideration, as done for axial and shear forces, the angle between the insertion 

of the muscle and the bone axis and the more active muscles during elbow flexion.  

Therefore, in the areas characterized by a slow change of the slope (for example B-C) there is a low 

vertical force applied (or a very small lever arm). In B, in fact, the pronator teres, which showed a 

small angle with the x axis and therefore a small vertical force component, finds attachment. 

In the areas where the slope gradient is high (for example C-D) there is a high force applied (or a 

large lever arm). The bicpes brachii, which is inserted in C, is the strongest elbow flexor and can 

develop forces which can reach 7 times the weight W in the hand. The other muscles exert 

maximum 2 or 3 times the force applied on the hand [68] 
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Figure 52: Qualitative moment trend resulted from the biomechanical model 

 

Considering the forearm positioned as described in the model of Figure 49, which represents the 

forearm in supinated position and with the elbow flexed at 90°, and the moment distribution of 

Figure 52, the volar surface of the radius appears to be the surface which is subject to tension and 

therefore at more risk of failure. 

However, even high compressive and shear forces are present as can be noticed from Figure 51. 

In standard mechanical verification and testing shear forces can be excluded since they appear less 

dangerous compared to bending and tension.  

With reference to the presented data the possibilities in terms of testing reduce to a compression 

test in axial direction or a bending test. 

 

 COMPRESSION TEST 

The main positive aspect regarding the compression test regards the fact that the radius 

bone, like most of the bone structures, is normally compressed by the action of the muscles. 

This test would, therefore, simulate a real condition which is always present in 

physiological situations. 

The negative aspect regards the actual outcome of the test. In fact, since the radius is 

characterized by a curvature in the central portion, compressing the bone by applying a 

force at one end of the bone would generate a growing moment with its maximum in 

correspondence of the maximal lever arm as shown in the following figure. 
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Figure 53: Compression test analytical analysis 

 

The presence of one peak would probably cause the failure of the structure in the proximity 

of that point, not allowing seeing eventual weaknesses in other parts of the structure caused 

for example by the presence of a hole in a critical point, by the presence of a smaller cross 

section, etc. The correct compression test should simulate the trend of Figure 51 but the 

needed test setup would be much more complicated. 

 

 BENDING TEST 

The most common bending tests are 3-point bending test, cantilever bending test and 4-

point bending test.  

The cantilever bending test does not replicate at all the loading situation presented in 

Figure 52.  

The 3-point bending test would produce an output comparable to the one showed in Figure 

53 and therefore it was not taken into account as a possible test. 

A 4-point bending test occurs when two couples of opposite forces, acting on a structure 

produce two equal moments. The resultant bending moment magnitude between the two 

central forces is constant. The structure being tested should fracture at its weakest point 

since this test does not influence the samples by locating a maximum bending moment in a 

specific position. [78]  

The 4-point bending test is schematically presented in Figure 54.  

 

y 

x 
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Figure 54: 4-point bending test  

 

Comparing the moment trends of Figure 52 and Figure 54 it is possible to consider the 4 

point bending test as a worst case of the biomechanical model. The trends are in fact not 

completely different in shape and a higher moment on almost all the structure is present 

(see Figure 55)  

 

 
Figure 55: 4-poimt bending test and biomechanical model moment comparison 
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The type of test performed on the radius bone was finally decided to be a 4-point bending test.  

The moment would be applied in the antero-posterior plane and directed from antero-to-posterior. 

This would cause a tensioning of the volar surface of the radius. The choice of the plane and 

direction of bending was taken due to the biomechanical model output in terms of bending moment 

(Figure 52) and after the consideration of the following mechanical aspects.  

 

I. The tests performed would have the aim of evaluating the influence in the fracture of the 

bone of the holes left after the removal of screws. The presence of a hole, as already stated 

in the previous chapter, acts as a stress riser because of the reduction of the cross section 

(and of the second moment of inertia) and because of the uprising of a stress concentration 

in proximity of the hole. 

The application of a moment in different planes in reference to the direction of the axis of 

the hole gives different results in terms of generated stresses and therefore in terms of risk 

of failure of the structure since the second moment of inertia is not always the same but it 

depends on the reference axis for its calculation. Two main planes of bending are possible 

on the radius: bending in the antero-posterior plane (AP) and bending in the medio-lateral 

(ML) plane. All other bending are intermediate situations. 

Considering the bone as a cylindrical tube and assuming the screws were implanted 

following the Henry surgical approach, as shown in the 3D simplified model in Figure 56, 

the two chosen possible planes produce the situations described in Table 9. 

 

 
Figure 56: Simplified model of the bone and hole 
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Bending in the AP plane Bending in the ML plane 

 

 

 

 

                      

 

  
       

       
  

  
  
    

    

  
 

 

                      

 

  
       

       
  

  
  
       

 

  
  

 

Iy AP < Iy ML 

 

    
    

    
 

     
     

    
    
 

     
 

 

σ y AP > σ y ML 

 

 Table 9: Stress calculation for AP and ML bending 

 

The calculations in Table 9 demonstrate that the worst case bending is the one performed in 

the same plane of the axis of the screw.  

 The bending in the antero-posterior plane is the worst case in terms of generated 

stresses, when the screws are implanted following the Henry approach. 

 

II. Once the worst bending plane was found the direction of application of the moment had to 

be chosen. In fact, since the radius is not really a straight tube, the application of an 

antero-to-posterior (blue) or of a postero-to-anterior (red) moment generates different 

outputs. This aspect is due to the curvature of the radius which can be simplified as a 

curved beam (Figure 57). 

 

Screw hole Screw hole 
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Figure 57: Curved beam theory (modified from [59]) 

 

The inner surface represents the anterior surface of the radius. 

Re and Ri are respectively the external and internal radiuses of the beam referred to the 

center of curvature; e is the distance between the centroid of the cross section the position 

of the neutral axis; zi and ze are the distances between the inner and outer surfaces of the 

beam and the neutral axis; A is the area of the cross section.  

The curved beam theory states that since the neutral axis of the beam does not pass 

through the centroid of the cross section (it is shifted towards the center of curvature of 

the beam) the generated stress distribution during bending becomes non-linear.  

The stress distribution is, in fact, hyperbolical and is characterized by the following two 

extreme values on the inner and outer surface of the beam (σi and σo): 

 

    
    
      

 

    ( 6) 

     
    
      

 

 

The sign convention considers a positive moment as the one tending to straighten the 

beam (blue moment in Figure 57).  

The maximum stress (σi) is always achieved on the closest surface to the center of 

rotation (inner surface). When a positive moment is applied it is a tension stress, when a 

negative moment is applied it is a compression stress. On the outer surface the opposite 

stress is present and it has a lower absolute value. [79] [80] The complete demonstration 

of the stresses in bended beams in presented in Attachment 1. 

The actual stress trend on a curved beam is shown in the following image: 

 

Volar surface 
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Figure 58: Moment distribution in a curved beam with positive (blue) and negative (red) 

moments (modified from [59]) 

 

 The worst case, considering the radius as a bended beam is, an anterior-to-posterior 

bending since it tends to straighten the structure and generates a peak of tension stress 

in correspondence of the anterior surface of the bone (surface where the plate is 

implanted following the Henry approach). The opposite moment generates a peak 

stress of compression in correspondence of the same surface (a compression is usually 

less dangerous in terms of static resistance if compared with tension). 

 

The choice of performing a 4-point bending test with tensioning of the volar surface was 

also taken in other scientific works. 

For example, Gardner et al., 2005 tested some plates applied on the radius by tensioning 

the volar surface in a 4-point bending configuration. [81] No justification was made 

regarding the reason why this loading pattern was chosen. 

Eglseder et al., 2003, also tested various plates implanted on the volar surface of the radius. 

The moments applied were from antero-to-posterior since, it was stated, it was the 

configuration that simulated better the bending stress caused by muscle forces on the 

forearm. [40] No more detailed explanation was given. The setup used in this last work is 

presented in the following figure. 

 

 
Figure 59: Test setup used by Eglseder et al., 2003 [40] 
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2.2 Experimental test 1  
 

2.2.1 Sample definition 

 

The successive phase was the actual CAD design of the samples to test and of the test setup 

considering all the above discussed aspects. As described in the previous pages the designated test 

would be a 4-point bending test with tensioning of the volar surface of the bone on which holes left 

by screw removal are present. 

The design of the samples was done using the CAD software PTC Creo /Pro. 

As first step a radius 3D bone model was requested from the Stryker SOMA bone database. The 

radius was scanned from a single patient and had dimensions similar to the average bone of the 

database. Additionally, the bone marrow canal + trabecular bone model was also requested. 

The received models were obtained through CT scan of the forearm of a 39 years old Caucasian 

man, 189 cm tall and 75 Kg in weight. The radius was the left bone and it was never subject to 

fractures. The max length of the radius was 233.7 mm. 

The following figures show the mentioned CAD radius bone models. 

 

 
Figure 60: Radius bone model 

 

 
Figure 61: Left: Bone marrow canal + spongeous bone;  

Right: Subtraction of the bone marrow from the cortical bone model 

 

Figure 61 right showed that the subtraction involved only part of the bone marrow + spongeous 

bone since the distal and proximal regions of the radius were not of interest for the test and would 

be needed as parts of the supports of the samples 
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The 3D models of the chosen plates (VariAx 7 holes Straight Narrow plate and DePuy Synthes 

LCP 7 holes plate) were also obtained and were assembled on the radius. They were placed on the 

volar surface of the bone according to the Henry approach and, as explained in the previous 

sections, they were mounted in the central portion of the shaft. Attention was paid in virtually 

placing the center of both plates in the same point and in aligning the front and top planes of both 

plates. This was done to have the exact same placement and orientation of plates and holes. The 

only parameters that vary are the parameters regarding the screws (diameter) and the actual plate 

design (distance between screws). 

The radius bone with both plates implanted is shown in Figure 62.  

 

 
Figure 62: Plates positioned on the radius bone model.  

Top: VariAx 7 hole Straight Narrow plate; Bottom: DePuy Synthes LCP 7 hole plate  
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The radius with the positioned plate and screws was created in order to get a clinical approval 

regarding the placement by Dr. Araghi and Dr. Adamany. 

 

 
Figure 63: Top: Radius bone with VariAx 7 hole plate and 3.5 mm screws;  

Bottom: Cross section through the axis of the screws 

 

A plane passing through the axes of the holes of the plates and a plane normal to it were created 

(plane_through_holes; plane_normal_holes) as can be also seen in Figure 62. 

This allowed an easier design of the four areas of force application (couplings) assuring that the 

moments applied were in the same plane as the axes of the screws as required by the mechanical 

considerations discussed in section 2.1.2. The four couplings (2 for loading and 2 for support) 

designed to permit the tensioning of the volar surface during the test are shown in Figure 64. 

 

 
Figure 64: Inferior and superior couplings for force application 

    

The most important parameter of a 4 point bending test is the distance between upper and lower 

couplings (defined as ‘a’ in the following image). This dimension must be the same for the left part 

and for the right part of the sample in order to be sure to obtain a constant moment in the central 

portion of the sample.  
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Figure 65: Frontal view of the samples 

 

The choice of the distance between upper and lower forces (‘a’ in Figure 65) was taken together 

with the choice of the material with which the samples would be produced.  

The target was to have a material which allowed the application of enough force to be able to detect 

eventual differences in terms of energy to failure between different samples and at the same time 

required the use of load cells available in the laboratory equipment. 

A second requirement regarded the need to have a rapid and economically feasible production of 

the samples since the initial idea was to test a large number of different specimens belonging to 

different groups. 

The chosen production technique was selective laser sintering (SLS). This technology allows the 

production of highly stressable prototypes by melting plastic powder, layer by layer, in a short 

time. Various different materials can be used depending on the application. Unfilled polyamide 

(PA), glass filled PA, carbon filled PA, alumide, and polystyrene are some examples of possible 

materials. [82] 

The chosen material was PA GF (glass filled polyamide) mainly because it was suggested by 

internal testing and by previous works. Its data sheet is given in Attachment 2.  

The decision regarding the dimension of the lever arm (a) was made following the below presented 

procedure. 

 

The stress reached in the bone with no screw holes and subject to bending is given by the already 

mentioned formula: 

 

   
   

 
 [MPa]  (2) 

 

M is the applied moment, y is the distance between the neutral axis and the maximum stressed 

fibers and I is the second moment of inertia of the cross section. 

Simplifying once again the bone as a hollow cylinder and knowing that the moment is given by the 

multiplication between the applied force and the lever arm the equation can be developed as: 

 

   
   

 
  

        
    
 

       
       

  

  

  [MPa] 
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The moment which produces sample failure can be found inserting in the previous equation the 

flexural strength of the PA GF (51 MPa) given in the material data sheet and the geometrical 

parameters of the bone (Dext = 14 mm; Dint = 3 mm). Obviously, since the bone is not a perfect 

cylinder, the presented formulas are an approximation of the real value. 

 

      
  
       

       
  

  
 

    
 

  = 13697  [Nmm] 

 

The total force (2*F in Figure 68) was chosen to be circa 700 N since the initial idea was to use the 

1kN load cell in a range which allowed having high measurement precision and also with a good 

safety factor in reference to the load cell.  

The lever arm (a = M/F) was found to be 39 mm and was, for simplicity, approximated to 40 mm 

in the 3D model. Since the distance between the lower supports was designed to be 260 mm the 

distance between the upper rollers (b in Figure 65) had to be 180 mm. 

 

The 4-point bending test was carried out using a jig designed for that purpose which is shown in the 

following image: 

 

 
Figure 66: 4-point bending jig 

 

The samples to be tested in a 4-point bending configuration were then refined by adding some 

further details in order to allow an easier and more precise coupling with the above presented jig as 

can be seen in the following figure.  
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Figure 67: Details of the tested samples 

 

Details 1 and 3 allow a unique and fixed alignment of the sample respectively in the x-y plane and 

y-z while 2 permits a visual verification of the correct distance between the upper rollers. 

The complete test setup (sample + jig) is shown in the following image: 

 

 
Figure 68: Final test setup 

 

 

As last step 1mm pre-holes were drawn on the 3D model in correspondence of the position of each 

screw so that the SLS process left the small holes in every sample (Figure 69). This allowed 

implanting the plates and screws in the correct position for every tested group and with the 

certainty of obtaining a precise result for each sample of every group. 
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Figure 69: Ø 1 mm pre- holes for the HybSYK 3.5 mm and 2.7 mm samples 

 

Finally, a pre-test was decided to be performed in order to check if the test setup, the material and 

the samples behaved as expected. The pre-test was performed on 5 samples: 

- 3 samples with no holes 

- 1 sample with a central 2.7mm hole 

- 1 sample with a distal 2.7mm hole 

The samples were mounted on the above described 4 point bending jig and they were loaded in the 

same way as the specimens for the final tests would be (Chapter 2.2.2 - Table 11). 

The results of the pre-test are shown in the following figure. 

 

 
Figure 70: Pre-test results 

 

The results of the pre-test showed a satisfactory behavior. In fact the three samples with no holes 

behaved approximately in the same manner. Stiffness, force to failure, displacement to failure and 

energy to failure appeared very similar as evident from Figure 70.  

The two samples which presented one hole showed instead a slight decrease of the stiffness and a 

markedly reduced energy to failure, both due to the presence of the hole.  

The only unexpected result consisted in the actual values of the force to failure. In fact the samples 

with no holes were designed to fail approximately at 700 N. It appeared that the material was 

stronger than defined in the PA GF data sheet. The solution to this problem would have been the 

use of a bigger load cell during the actual test performance. 
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2.2.2 Test Execution  

 

The 4-point bending test was performed on the samples designed in Chapter 2.2.1. Since the aim of 

the test was to compare various situations in terms of risk of re-fracture the following groups had 

been chosen for testing and confrontation. 

 

 
Table 10: Test1 experimental groups  

 

The following images show the differences between the tested configurations (multiple holes) in 

terms of implanted screws:  

 

 
Figure 71: Top: Screw order in Hybrid configuration;  

Bottom: Screw order in Standard configuration  

: Locking screws; : Bone/Cortex screws 
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The implant of the plate and screws was performed after pre-drilling the holes following the 

Stryker and DePuy Synthes operative techniques regarding the drill size:  

 

- Stryker 3.5 mm screws  2.6 mm drill [49] 

- Stryker 2.7 mm screws  2 mm drill [49] 

- DePuy Synthes 3.5 mm screws  2.8 mm drill [64] 

- DePuy Synthes 4.5 mm screws  3.2 mm drill [83] 

 

The instructions of the operative techniques regarding how to implant the plates and screws were 

not followed in detail since they suggested how a fracture can be correctly reduced. In this study 

there was no actual fracture to fixate since the interest was in analyzing the effect of holes on an 

already healed bone model. The order of insertion of the screws, the torque of tightening of the 

screws and other aspects reported in the operative technique were therefore not relevant. The 

following images showed different phases of the sample preparation and all the tested groups with 

holes. 

 

 
Figure 72: Different phases of the preparation of the HybSYK3.5mm samples  
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Figure 73: Tested groups with holes 
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Once the samples were prepared the mechanical test could be performed using the Test 108 static 

machine with a 5kN load cell (PM#: 2866) since during the pre-test the force to failure appeared 

higher than the limit of the load cell which was programmed to be used (1 kN). The setup placed on 

the testing machine is shown in the following image. 

 

 
Figure 74: Sample and setup mounted on the TesT108 machine 

 

The main parameters set on the machine are listed in the following table: 

 

# Parameter Value Comments 

1 Feed-rate 0.2 mm/s Common parameter in internal tests 

2 Pre-load 20 N 
Enough to eliminate the “toe-region” from the 

force-displacement output 

3 Stop criteria 
Sample breakage - 

Force = 4900 N Max force measurable by the machine 

Table 11: Parameters set on the Tes108 machine 

 

The machine gives, in correspondence of each measurement, a force vs displacement output as 

shown in the following image. 
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Figure 75: Example of the output of the machine on a sample with no holes  

 

The parameters on which comparisons and evaluations were thought to be made were the 

following: 

 

- Force to failure [N] : maximum force needed to break the tested samples 

- Stiffness [N/mm]: slope of the force – displacement curve. This parameter allowed to 

control if there were material variations within the same tested groups. In fact, samples 

characterized by same geometry, same number and disposition of holes and same material 

had to show the same stiffness. 

- Energy to failure [Nmm]: measurement of the area under the force – displacement curve. 

This parameter was calculated through the creation of an Excel function which is explained 

below. 

With reference to Figure 76, defining xi one generic displacement, xi+1 the successive one and 

the respective forces Fi and Fi+1 it was possible to calculate the infinitesimal energy (area 

under the portion of curve described by the mentioned points) as the sum of the area of a 

rectangle + the area of a triangle. 

 

                      
                  

 
  ( 7) 

 

The total area under the whole force – displacement curve was therefore calculated as the 

sum of all the infinitesimal areas between 0 and n (number of measured points):  

 

                               
                  

 
 
      ( 8) 
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Figure 76: Calculation of the infinitesimal area 

 

The precision of the calculation can be increased by increasing the sampling rate on the 

machine since forces and relative displacements are evaluated in more frequent time instants 

and the eventual curvatures of the trend are better approximated.  

The tests performed were characterized by a sampling rate of 5 ms. With this setting the 

outputs showed a displacement evaluation every ca. 0.001 mm and a correspondent force 

measurement every ca. 0.2 N of force, which was considered enough for the purpose of this 

study. 

 

The calculation of the energy to failure of each sample would have been used to evaluate a “safety 

coefficient” defined as: 

 

   
      

        
       ( 9) 

 

Eholes : energy to failure for the samples with one or multiple holes; 

EnoHoles : energy to failure for the samples with no holes (reference samples) 

 

The safety coefficient (α) should always be comprehended between 0 and 1. 

Comparing the safety coefficient of the different groups would allow the evaluation of what 

situation is the most secure for the patient in terms of re-fracture risk (values of α close to 1 

indicate a safer situation compared to values of α close to 0). 
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2.2.3 Results  

 

The tests were performed on the samples belonging to the groups listed in Table 10. The results are 

presented in Attachment 3 and are discussed below. 

 

The first evident aspect from the reported results was that not all the samples could be tested until 

failure. Almost all groups presented some specimens which could not be brought to failure because 

the maximum possible applicable displacement was reached and the tests had to be stopped. The 

worst cases were represented by the HybLCP3.5mm and by the SingLCP4.5mm groups where only 

one sample out of six was managed to be brought to failure.   

All the samples which did not break showed a very flexible behavior and reached very high values 

of displacement. In these cases it was obviously not possible to calculate the energy to failure or the 

force to failure. The only parameter which could be used in order to compare samples and groups 

was the stiffness.  

 

The stiffness analysis gave as well uncommon results. It was in fact expected that samples 

belonging to the same group would be characterized by the same (or similar) stiffness. This was not 

verified, as can be noticed for example in Figure 77, since in the same group stiffness ranging from 

73.63 N/mm up to 153.23 N/mm was measured (108% max increase).  

 

 
Figure 77: Stiffness evaluation for the SingLCP 3.5mm samples 

 

At the same time, samples with holes were expected to be slightly less stiff when compared with 

samples with no holes since the defect left by screw removal should have weakened the structure. 

This was not always verified as can be seen from the comparison of the stiffness of the totality of 

the samples tested (Figure 78). 
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Figure 78: Stiffness distribution for the tested samples. Six consecutive points represent a group. 

: samples with no holes    : samples with holes 

 

The reported results were surely not due to an error in the mounting and dismounting of the screws 

and plates since, as evident from Figure 78 and Figure 79, a wide distribution of stiffness values 

also appeared for the samples with no holes which were tested shortly after they were received 

from the production company without any plate implant or screw insertion.  

Since stiffness depends on the shape of the samples and on the material itself and since the shape 

does not change between specimens belonging to the same group, the different stiffness measured 

must be due to a production or material issue. 

 

 
Figure 79: Force – displacement results for the NoHoles samples 

 

Another evident outcome of the test (Figure 80) was that no force to failure or max force measured 

was close to the expected 700 N (design parameter), meaning that the ultimate properties of the 

material were extremely different from the ones presented in the data sheet. It was surprising that 

also the samples which had holes (green points) failed in correspondence of higher forces than 700 

N. This fact confirmed the results of the pre-test which suggested the use of a bigger load cell 

compared to the one initially decided. 

The material appeared stronger than expected and almost every sample, even belonging to the same 

group, showed independent behavior also in terms of force as evident from the wide distribution of 

Figure 80. 
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Figure 80: Max force measured for all the tested samples. Six consecutive points represent a group. 

: samples with no holes;     : samples with holes 

 

Regarding the displacement in correspondence of which sample failure occurred there was also a 

wide distribution of values even for the samples belonging to the same group. As example the case 

of the SingSYK3.5mm group is reported in the following image. The displacement at failure 

occurred in a range of values varying from 6.90 mm to 10.18 mm which is too wide to be 

considered acceptable (47% max increase). 

 

 
Figure 81: Force-displacement trend for the SingSYK3.5mm group 

 

The major outcome of this test was that the material properties were not comparable with the given 

ones in the PA GF data sheet and that even samples which should have been considered the same 

because belonging to the same group showed completely different behavior in terms of stiffness, 

force and displacement to failure, etc. 

It was evident that the chosen production technique and material did not allow obtaining similar 

samples on which performing comparisons. No comparison between the tested groups could be 

made and no conclusions in terms of failure risk given by different hole dimension or hole pattern 

could be stated from the tests performed on PA GF samples. 

700 N 
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2.3 Experimental test 2  
 

2.3.1 Sample definition 

 

In consequence of the unexpected results obtained from the experimental test 1 (Chapter 2.2) some 

modifications, especially in terms of material with which the samples were produced, had to be 

taken. 

The main request regarding the chosen material and production techniques had to be the assurance 

that samples, all with a very similar mechanical behavior, would be supplied and used during this 

second experimental test. Only in this case the effective influence of the holes left in 

correspondence of screw removal could be seen since the only difference between groups would be 

the dimension, shape and position of the defects. 

The chosen samples for testing were 4
th 

generation composite radius bones from the company 

Sawbones®. This decision was taken since the mentioned samples have similar properties to real 

bone and are most commonly used when the actual strength properties of real bone are required and 

when mechanical testing is needed to be performed. [84] The Sawbones® radius models are 

composed by an outer material (short fiber epoxy) which simulates the cortical bone and an inner 

material (solid rigid polyurethane foam) which simulates the trabecular bone. A constant 5 mm 

hole is present throughout the length of the bone representing the inner bone marrow canal. The 

average properties of the materials of the adopted models are listed in the following tables. 

 

 
Table 12: Average properties of the materials in the 4

th
 generation bone models.  

All data were provided by Sawbones® company 

 

One of the samples used for testing is shown in the following image: 

 

 
Figure 82: 4

th
 generation composite radius bones 
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2.3.2 Test Execution 

 

The experimental test was performed on fewer groups than the ones initially programmed (listed in 

Table 10). This was mainly due to the long time needed and to the high costs for producing and 

delivering a great number of samples. The groups which were decided to be tested are listed in the 

following table: 

 

 
Figure 83: Test2 experimental groups 

 

The plate was mounted on each sample in the most similar and reproducible way possible. It was 

assured in fact that its center was in correspondence of the center of the radius bone (124 mm from 

the proximal surface) and that its lower surface fitted precisely on the volar surface of the bone. 

Obviously the positioning of the plates and holes on each sample is less precise compared to the 

one of the experimental test1 since it was not possible to have a CAD file on which pre-holes could 

be placed. 

The implant of the screws was performed on the samples belonging to the groups with holes after a 

pre-drilling, done following the Stryker operative technique in regards to the drill size, had taken 

place:  

 

- Stryker 3.5 mm screws  2.6 mm drill [49] 

- Stryker 2.7 mm screws  2 mm drill [49] 

 

The image of a sample ready for being tested and some pictures of the various phases of plate and 

screw implant and removal are shown below. 

 

 
Figure 84: Sample belonging to the HybSYK3.5mm group ready for testing 
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Figure 85: Top: Plate positioning; Bottom: Pre-hole drilling for a 3.5 mm screw (drill Ø =2.6 mm) 

 

 
Figure 86: Top: Central pre – holes; Bottom: All screws inserted  

(yellow screws are compression screws; grey screws are locking screws) 
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Before placing the samples on the 4-point bending test jig the metallic rollers were changed with 

rollers made of carbon fibers (Figure 87). This was done because it was noticed from some pre-

tests that the metallic rollers significantly damaged the surface of the bone when applying an 

increasing load since they were stiffer if compared to the short fiber epoxy which simulates the 

cortical bone. 

The lever arm of the 4-point bending test was chosen to be la = 20 mm since it was not possible to 

have a larger one due to the presence of the proximal tuberosity and to the curvature of the distal 

end of the bone which would not have allowed a flat and stable placement of the radius. This 

choice was approved after applying formula (2) presented in Chapter 1.4 which showed that the 

approximate force to failure for the sample with no holes and with a 20 mm lever arm would be 

3800 N. The m load cell of the Test 108 static machine (5kN – PM # 2866) would therefore have 

been enough for performing the test. 

Particular attention was paid in placing each bone in the same position in order to perform every 

time the exact same measurement. To do this the radius was aligned on its flat volar surface on the 

lower rollers and a distance of 20 mm from a left vertical reference was measured each time as 

shown in Figure 87.  

 

 
Figure 87: Sample mounted on the 4-point bending jig   

 

The main parameters set on the machine are listed in the following table: 

 

# Parameter Value Comments 

1 Feed-rate 0.2 mm/s Common parameter in internal tests 

2 Pre-load 20 N 
Enough to eliminate the “toe-region” from the 

force-displacement output 

3 Stop criteria 
Sample breakage - 

Force = 4900 N Max force measurable by the machine 

Table 13: Parameters set on the Tes108 machine 
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All phases of sample preparation and testing were done trying to make sure most of the 

considerations made in the test definition (Chapter 2.1.2) were fulfilled since all the decisions were 

taken with a specific reason as explained in the previous sections.   

 

The machine gave, in correspondence of each measurement, a force vs. displacement output and 

the evaluated parameters were the same as the ones evaluated during the performance of 

experimental test 1 (described in detail in Chapter 2.2.2): force to failure [N], stiffness [N/mm], 

energy to failure [Nmm]. In addition the displacement to failure [mm] parameter was also analyzed 

since in the previous test a very wide variance of this value was also noticed. 

The comparisons between different groups were performed through a statistical analysis following 

the Stryker statistical guidelines [85] 

The chosen statistical test was the Mann-Whitney-U Test which is particularly indicated for the 

comparison of any variable of interest between two independent groups. 

The confidence level was set to 95% (not risk level based test) and therefore the α-value is 0.05. 

The calculation of the significance level (p-value) of the statistics was performed through the 

Monte Carlo method since it allows obtaining accurate results when the data set is small, the tables 

are sparse or unbalanced or the data are not normally distributed [85]. This method creates a 

distribution of values similar to the one found during the tests and it then takes several samples 

from it (10000 for default) and the significance value is calculated. [86] 

The following hypotheses were therefore created: 

 

- Null Hypothesis: the two test groups belong to the same population in reference to the 

analyzed variable (no significant difference between groups). This hypothesis is accepted 

whether p-value > 0.05; 

- Alternative Hypothesis: the two test groups do not belong to the same population in reference 

to the analyzed variable (significant difference between groups). This hypothesis is accepted 

whether p-value < 0.05. [85] 
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2.3.3 Results 

 

The results for all the tested samples are presented in Table 14. 

The first important aspect to be highlighted, differently from experimental test 1, is the fact that all 

the samples tested were managed to be brought to failure. Groups HybSYK2.7mm and 

HybSYK3.5mm always failed in correspondence of one of the most proximal holes left by screw 

removal. The rupture did not always occur through the same hole. However the fifth hole (from 

distal) appeared the most frequent point of failure. The samples with no holes showed in most cases 

a failure in between the central and proximal thirds of the radius bone. 

The different force to failure, displacement to failure and therefore energy to failure between 

groups with and without holes appears very evident from the presented results. 

It can also be noticed that the results for the groups HybSYK2.7mm and HybSYK3.5mm are 

similar, meaning that an apparent difference is not present when applying and removing plates with 

different screw dimension. 

 

Group 
Sample 

# 

Max Force 

[N] 

Max 

displacement 

[mm] 

Stiffness 

[N/mm] 

Energy to 

failure 

[Nmm] 

Failure 

point 

No Holes 

1 4245.97 6.69 871.49 16436.00 
proximal 

third 

2 3950.89 5.76 878.45 12704.21 pr/cen third 

3 3789.85 6.30 804.01 13657.17 pr/cen third 

4 3811.04 5.08 921.68 10577.51 pr/cen third 

5 4011.16 4.98 949.31 10677.42 pr/cen third 

6 4041.28 6.47 871.54 15075.45 pr/cen third 

 
Mean 3975.03 5.88 882.74 13178.96  

St. dev. 167.85 0.73 49.83 2353.03 

HybSYK2.7mm 

1 2245.38 2.91 842.67 3332.22 hole 5 

2 2530.37 3.74 752.65 4967.00 hole 5 

3 2301.32 2.99 830.70 3501.72 hole 6 

4 2254.65 3.25 755.54 3758.40 hole 5 

5 2138.91 2.89 794.56 3128.2 hole 4 

6 2181.83 2.94 799.35 3284.79 hole 6 

 
Median 2275.41 3.12 795.91 3662.06  

St. dev. 137.40 0.33 37.18 674.39 

HybSYK3.5mm 

1 2284.43 3.11 792.48 3627.80 hole 5 

2 2334.35 3.29 791.13 3984.95 hole 6 

3 2250.14 2.97 809.62 3396.43 hole 4 

4 2241.87 3.23 763.69 3785.59 hole 5 

5 2106.63 2.7 839.01 2858.29 hole 5 

6 2027.84 2.8 771.58 2858.39 hole 5 

 
Median 2207.54 3.01 794.58 3418.57  

St. dev. 116.16 0.24 27.20 474.86 

Table 14: Results of the experimental test 2.  

(pr / cen third: zone in between the proximal and central third of the radius) 
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The calculation of the safety coefficient α gave the following results which do not highlight a big 

difference between the two groups with holes. 

 

Group Safety coefficient 

HybSYK2.7mm 0.278 

HybSYK3.5mm 0.259 

Table 15: Safety factor for the tested groups 

 

The previously described results are summarized with the chart presented in Figure 88 where the 

force-displacement output is plotted for every sample tested. 

 

 
Figure 88: Force – displacement chart for the experimental tests 2 

 

The maximum percentage differences found within the same group and for each evaluated 

parameter are presented in Table 16.  

 

 MAXIMUM PERCENTAGE DIFFERENCE  

on max Force  

 on max 

displacement 

[mm] 

on stiffness 

[N/mm] 

on  energy to 

failure [Nmm] 

NoHoles 10% 25% 15% 35% 

HybSYK2.7mm 15% 22% 10% 37% 

HybSYK3.5mm 13% 17% 9% 28% 

Table 16: Maximum percentage difference for every parameter of every group 

 

The results of the statistical analysis are presented below. In particular the boxplot of each variable 

analyzed and the results of the statistical comparisons are presented. Every value cited can be found 

in the tables of Attachment 5. 
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Figure 89: Energy to failure comparison between the three tested groups  

°8: data number eight represents an outlier (an observation very different from the others)   

 

In terms of energy to failure the statistical comparison showed significant difference between: 

- NoHoles and HybSYK2.7mm (p-value=0.002 < α-value=0.05); 

- NoHoles and HybSYK3.5mm (p-value=0.003 < α-value=0.05). 

In both cases the energy to failure of the sample with no holes was greater than the energy to 

failure of the samples with holes. 

The statistical comparison showed no significant difference between: 

- HybSYK2.7mm and HybSYK3.5mm (p-value=0.937 > α-value=0.05). 

 

 
Figure 90: Max force comparison between the three tested groups 

°8: data number eight represents an outlier (an observation very different from the others)   

 

In terms of force to failure the statistical comparison showed significant difference between: 

- NoHoles and HybSYK2.7mm (p-value=0.002 < α-value=0.05); 

- NoHoles and HybSYK3.5mm (p-value=0.002 < α-value=0.05). 
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In both cases the force to failure of the sample with no holes was greater than the force to failure of 

the samples with holes. 

The statistical comparison showed no significant difference between: 

- HybSYK2.7mm and HybSYK3.5mm (p-value=0.586 > α-value=0.05). 

 

 
Figure 91: Displacement to failure comparison between the three tested groups 

 

In terms of displacement to failure the statistical comparison showed significant difference 

between: 

- NoHoles and HybSYK2.7mm (p-value=0.002 < α-value=0.05); 

- NoHoles and HybSYK3.5mm (p-value=0.003 < α-value=0.05). 

In both cases the displacement to failure of the sample with no holes was greater than the 

displacement to failure of the samples with holes. 

The statistical comparison showed no significant difference between: 

- HybSYK2.7mm and HybSYK3.5mm (p-value=0.823 > α-value=0.05). 

 

 
Figure 92: Stiffness comparison between the three tested groups 
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In terms of stiffness the statistical comparison showed significant difference between: 

- NoHoles and HybSYK2.7mm (p-value=0.008 < α-value=0.05); 

- NoHoles and HybSYK3.5mm (p-value=0.008 < α-value=0.05). 

In both cases the sample with no holes appeared stiffer than the samples with holes. 

The statistical comparison showed no significant difference between: 

- HybSYK2.7mm and HybSYK3.5mm (p-value=0.941 > α-value=0.05). 

 

Some pictures of the failed samples are presented below: 

 

 
Figure 93: Failed sample #5 from group HybSYK3.5mm in correspondence of the fourth hole 

 

 
Figure 94: Failed sample #1 from group HybSYK2.7mm in correspondence of the fifth hole 
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3. Computational Test 
 

The computational approach uses the finite element method (FEM) to approximate the solution of a 

problem through its mathematical modeling. These types of tools are nowadays used in multiple 

fields such as structural mechanics, fluid dynamics, acoustic study, etc. [84] 

One of the biggest advantages given by FEM is the possibility of studying elements of complex 

geometry or material which could not be studied with analytical standard calculations. Secondly, 

they allow building and changing the parameters of “virtual prototypes”, such as materials, 

dimensions, etc., without the need of having an actual physical sample for evaluating its behavior 

during mechanical testing. 

The major disadvantage of FE methods is the possibility of obtaining wrong results if the model is 

not built or evaluated correctly. For example, the imposition of incorrect boundary or loading 

conditions can lead to stress distributions, deformations, etc. which do not simulate what happens 

in reality. Complex models can also need very long times before giving a solution since the number 

of calculations and iterations needed could be very high. [85] 

  

Regarding the present work, the creation of a computational model had the aim of giving an 

instrument for the evaluation of the risk of re-fracture of the radius, when different clinical 

situations were simulated, without the need of building the samples, implanting and removing the 

screws and testing the resulting specimens. 

The building of the geometries was performed with the CAD software PTC Creo /Pro while the 

finite element analysis was carried out with the software Ansys Workbench 14.5. 

 

 

3.1 Materials and Methods 
 

The geometrical model used for the finite element analysis was the same created for the production 

of the samples used during the experimental test 1. This choice was taken despite the results 

obtained. In fact, the issue regarded mainly the “real” material and not the actual shape of the 

samples which was still considered appropriate for the study purpose. For having a simpler and 

faster model to create and simulate it was decided to consider the holes left by the screws as 

cylinders without the need of virtually assembling and cutting out from the radius model the 3D 

models of the screws. The radius geometry was divided in various regions, as evident from Figure 

95, in order to allow an independent meshing of each one of them. The zones of greater interest for 

the study (highly stressed areas) could have been refined more than the zones of limited interest 

(areas of small stress). This allowed limiting the number of elements of the whole model and 

therefore the simulation time. 
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Figure 95: Model for the computational test divided in multiple regions 

 

The boundary conditions were defined in the model in order to simulate the supports for the sample 

used during the experimental test 1 and the pre-test without the need of actually modeling them. 

They were defined as displacement conditions on the lower blocks as can be seen in Figure 96 and 

Table 17.  

 

 
Figure 96: Boundary conditions defined on the supporting blocks 

 

Boundary 

Condition 
Type X component [mm] Y component [mm] Z component [mm] 

A Displacement 0 0 0 

B Displacement 0 0 Free 

Table 17: Boundary conditions values  

 

The loading conditions applied to the model assumed a different value for validation and for 

convergence analysis. The reason of this choice is described in more detail in the following 

sections together with the definition of the material properties to be assigned to the computational 

groups. 

The mesh was defined on all the parts in which the radius 3D model was divided. It was decided 

that the type of elements forming the mesh should be all “3D quadratic tetrahedral elements” 

(tetrahedral elements with 10 nodes - Tet10). The following image shows the type of elements that 

were present in the model (only Tet10) and their quality. Higher values of element metrics indicate, 

in fact, better quality. 
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Figure 97: Mesh quality evaluation hystogram 

 

The choice of using quadratic tetrahedral elements was made since they appear to be the most 

efficient and common elements for performing FE analysis. These elements can simulate the 

stiffness of the structure with small uncertainty allowing a good approximation of the stress 

concentration that appears near holes and notches. [86] 

A convergence analysis and a validation were performed on the model in order to respectively 

decide the grade of mesh refinement and ensure that the model reproduced correctly the 

experimental test. A detailed description of these phases is presented in Chapter 3.1.1 and 3.1.2. 

Once the convergence analysis was performed and once the model was validated it was possible to 

perform the final simulations. 

The models for which simulations were decided to be performed are described in Table 18. 

As already mentioned previously, the holes eventually present in the model were for simplicity 

simulated as cylinders.  

 

 Model Name Plate used 
Screw Ø and 

configuration 
Evaluations made 

1 No Holes - - Reference samples 

2 Sing3.5mm - 
3.5mm -Central 

hole 

Influence of the Ø of the screws on the 

failure of the radius bone 
3 Sing2.7mm - 

2.7mm -Central 

hole 

4 Sing4.5mm - 
4.5mm -Central 

hole 

5 HybSYK3.5mm 
Stryker VariAx 

7 holes 
3.5 mm -Hybrid 

Influence of the different approaches 

(screw Ø and screw distance) on the 

failure of the radius bone 

6 HybSYK2.7mm 
Stryker VariAx 

7 holes 
2.7mm- Hybrid 

7 HybLCP3.5mm 

DePuy Synthes 

LCP 7 holes – 

small fragment 

plate 

3.5mm -Hybrid 

8 StdLCP3.5mm 

DePuy Synthes 

LCP 7 holes - 

small fragment 

plate 

3.5mm - 

Standard 

9 HybLCP4.5mm 

DePuy Synthes 

LCP 7 holes – 

large fragment 

plate 

4.5mm - Hybrid 

Verification of the literture outputs 

regarding the higher risk of using           

4.5 mm plates 

Table 18: Groups for the computational comparison 
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The material assigned to the samples was cortical bone since the radius bone model was obtained 

from CT scans of a human bone with a successive CAD cut-out of the bone marrow and of the 

trabecular bone. The choice of performing this last operation was taken since the radius bone 

diaphysis is formed for the largest part by cortical bone (approximately 95%) [87] 

The cortical bone was considered to be an isotropic linear elastic material with brittle failure in 

correspondence of σmax  [88]. This is surely an approximation of the real properties of the cortical 

bone and this choice was taken for multiple reasons.  

For example one requirement was the capability of performing various simulations in a reasonable 

amout of time and the imposition of ductile and/or viscoelastic materials would have led to higher 

computational time for reaching a convergent solution. 

A second aspect which led to the imposition of only elastic properties to the cortical bone material 

regarded the fact that considering the bone as a ductile material (as suggested by various sources) 

the yielding stress would have been considered as the failure stress of the radius bone stucture. This 

because once the yielding point is reached and exceeded a plastic deformation is present on the 

sample and the original shape can’t be restored. Since the yielding point is normally the ending of 

the elastic region  (Figure 98) it can then be decided to only assign the elastic properties to the 

cortical bone material used in the computational simulations.  

 

 
Figure 98: Force-displacement trend for cortical bone 

 

Additionally, if the stress-strain curves of cortical and trabecular bone models are analyzed (Figure 

99) it can be noticed that the properties of the two main tissues forming the bone are very different. 

In fact trabecular bone shows a wide plastic region and a small elastic portion while the cortical 

bone displays almost only an elastic region and a very limited plastic area.  

 

 
Figure 99: Stress – strain curves for cortical and trabecular bone [89] 
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For the above presented reasons the approximation made in considering the cortical bone as an 

elastic and brittle material seems to be relatively acceptable. 

As a further justification of the choice made in assigning to the cortical bone material a brittle 

behavior Narayan et al., 2009 stated that cortical bone can be considered a relatively brittle material 

for transverse loading (situation that occurs in the present work) while a relatively ductile material 

when longitudinal loading is applied. [90] 

The outputs in terms of force – displacement trends were not expected to be exactly the ones that 

would occur during the testing of real bone since some material approximations were made, but the 

eventual different influence of the different holes and hole pattern was expected to be noticed and 

to be correct since it mainly represents a geometrical rather than a material influence. 

The cortical bone properties assigned to the FE model are listed in Table 19: 

 

 Property Value Source 

1 Density (ρ) 1.7 g/cm
3 

Bureau et al. [88]; Stryker [87] 

2 Young’s modulus (E) 18.9 GPa Stryker [87] 

3 
Tensile ultimate 

strength (σmax) 
110 MPa 

Bureau et al. [88]; Stryker [87]; Chen et al., 

[89]; Keaveny et al., [90]; University of 

Cambridge [91] 

4 Poisson’s ratio (υ) 0.4 Keaveny et al., [90] 

Table 19: Properties of cortical bone assigned to the FE model. The proposed values are the average 

between the ones found in the cited articles 

 

The aim of the computational analysis, just like the experimental test, was the evaluation of the 

energy to failure of each model in order to permit the calculation of the safety factor α = Eholes / 

EnoHoles (already defined for the experimental test in Chapter 2) and the comparison of the different 

risk of re-fracture given by the removal of different screws and/or screw patterns. 

The energy to failure was evaluated from the force – displacement trend where the force was 

virtually measured as reaction force on the support couplings (Figure 101) while displacement was 

the parameter set as loading condition on the upper blocks (Figure 100).  

 

 
Figure 100: Loading conditions defined on the upper couplings 
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Figure 101: Edges of evaluation of the reaction force 

 

The criterion used to define the force and displacement to failure, and therefore the force-

displacement curve, was based on a maximum principal stress criterion. This was done because the 

cortical bone was considered a brittle material and it could therefore be assumed that when the 

principal tensile stress reached σmax failure would occur. [58] This approach usually gives good 

results for brittle materials but should not be used in presence of ductile materials for which the 

equivalent Von Mises stress analysis gives better results. [79] 

The force and displacement to failure of each model were evaluated when the maximum principal 

stress in the structure reached σmax  = 110 MPa. The force-displacement trend could then be plotted 

and the energy to failure of the each computational group calculated. 

Finally the evaluation of the safety coefficient α could be performed for every group. 

 

3.1.1 Convergence Analysis 

 

The convergence analysis was carried out by initially calculating the solution of the model with a 

coarse mesh (element dimension = 2 mm) and evaluating the following parameters:  

- maximum principal stress [MPa]; 

- equivalent von Mises stress [MPa]: within the same model it was always evaluated in the same 

point; 

- principal stress [MPa]: within the same model it was always evaluated in the same point; 

- maximum displacement [mm] 

The mesh was successively gradually refined in correspondence of the parts of most interest 

(generally the radius shaft area) and the solution was again computed. 

The decision on the final mesh to be adopted was taken when the percentage difference for each 

evaluated parameter between one mesh and the successive one (finer mesh) was < 5%. 

The zone of application of the loading conditions was shown in Figure 100 while their value within 

the convergence analysis phase is listed in Table 20. 

 

Loading 

Condition 
Type 

X component 

[mm] 

Y component 

[mm] 
Z component [mm] 

A Displacement -8.5 Free Free 

B Displacement -8.5 Free Free 

Table 20: Loading conditions for the convergence analysis 
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The value of the x-displacement does not represent any real situation. In fact it is not the 

displacement which brings to failure the actual physical model. It was defined only with the 

purpose of finding the correct mesh refinement. 

The models used for the convergence analysis are described in Table 21 and shown in Figure 102. 

 

Model Name Description Reason for choice 

NoHoles No holes on the shaft General mesh dimension definition 

SingSYK2.7mm One central Ø2.7 mm hole 
Eventual influence of the presence 

of a hole in reaching convergence 

HybSYK3.5mm 
Holes left by the removal of the VariAx 

plate with six 3.5 mm screws 

Eventual influence of the presence 

of multiple holes in reaching 

convergence 

Table 21: Models chosen for convergence analysis 

 

 
Figure 102: Models used for convergence analysis.  

Top left: NoHoles; TopRight: SingSYK2.7mm; Bottom: HybSYK3.5mm 

 

The material properties chosen to be assigned to the model for performing the convergence analysis 

were the ones defined for PA GF by the data sheet in Attachment 2. These properties were assigned 

to the model even if, as explained in Chapter 2, it was evident from the experimental pre-test that 

the actual samples were not characterized by them. This was done because there was no time to re-

perform the convergence analysis once the material issue was clear and the results in terms of 

element dimension would anyway not have changed when using a different elastic and brittle 

material for this purpose.  

The following tables show the results of the convergence analysis for each one of the chosen 

models. 
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Table 22: Results regarding the evaluated parameters during the convergence analysis of each model  
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Table 23: Results of the convergence analysis in terms of percentage difference between one mesh and the 

successive one (finer mesh) 
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The ‘noHoles’ model already showed convergence when the coarser mesh was set (mesh A) since 

the percentage difference for all the evaluated parameters was always <5% (Table 23). It was 

decided to further refine the mesh since the area subject to high and similar stress was very large 

and the position of the exact point of max principal stress could have not been very precise when a 

coarse mesh was set. 

It was in fact noticed that the point subject to the highest stress (point where most likely failure 

would occur) shifted when mesh D was used, as can be seen in the following image. 

 

 
Figure 103: Top: Maximum principal stress with mesh C applied;  

Bottom: Maximum principal stress with mesh D applied 

 

The position of the max principal stress in correspondence of mesh D (proximal part of the shaft) 

found various confirmations within the experimental tests performed. In fact, in most of the cases a 

failure was noticed to occur in that area of the radius meaning that the proximal region is a 

particularly weak point of the intact bone in regards to a loading pattern that leads to a constant 

bending moment on the bone itself (Figure 104). 

 

 
Figure 104: Proximal failure of one noHoles sample testes during experimental test 1 
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Mesh D (element dimension in correspondence of the radius shaft = 0.6 mm) was chosen for 

performing the final simulations of the 4 point bending test on samples with no holes. 

The model SingSYK2.7mm showed convergence in correspondence of mesh D (element dimension 

0.5 mm) since the percentage difference calculated in regards to the finer mesh was for every 

considered parameter  below 5% while the model HybSYK3.5mm showed convergence with the 

imposition of mesh C (element dimension 0.667 mm). 

Therefore element dimension = 0.5 mm was chosen for all the simulations which were 

characterized by one single hole and element dimension = 0.667 mm was adopted in case of 

models with multiple holes. 

 

From the results presented in Table 22 and Table 23 it is possible to notice that displacement is the 

parameter that always converges more rapidly. This is due to the fact that stress is a derived 

parameter while displacement is a primary variable within the mathematical approach used by 

finite elements software. [94] 

It is also evident that the minimum vertical displacement is always present in the central part of the 

specimen as shown in the following example for the model noHoles. 

The models which present holes on the shaft show slightly smaller minimum displacement in 

correspondence of the same loading conditions, boundary conditions and material. 

This aspect already shows a probable weakening of the structure when holes are produced into it.  

 

 
Figure 105: Vertical displacement on the noHoles model 
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3.1.2 Validation 

 

For verifying the correctness of the FE model it was necessary to compare the results of the 

simulation with the results obtained from experimentally tested samples. The validation was 

performed using the two computational models noHoles and SingSYK2.7mm (see Table 10 for 

description of the models). 

The forces or displacements measured during the experimental tests had to be applied to the 

computational model in order to allow a comparison of the outputs and evaluate the eventual 

correctness of the results. Since the results of the experimental test1 showed an extremely large 

deviation, two specific situations belonging to the pre-tests were chosen for comparison (noHoles 1 

and central 2.7mm hole, whose results are presented in Figure 70 in Chapter 2). As done during the 

convergence phase, the applied loading conditions were defined as displacement conditions and set 

on the upper couplings, in the areas of load application during the experimental test (Figure 100). 

The displacements applied to the two models are listed in the following table. Their values were 

taken from the laboratory testing machine output. 

 

Loading 

Condition 
Type 

X component 

[mm] 

Y component 

[mm] 
Z component [mm] 

A Displacement -8.12 Free Free 

B Displacement -8.12 Free Free 

A Displacement -6.26 Free Free 

B Displacement -6.26 Free Free 

Table 24: Loading conditions values for convergence and validation 

 

The material to assign to the computational model had to be exactly the same as the one with which 

the samples used for the pre-tests were made of. It was clear that the material properties defined in 

the PA GF data sheet were different from the actual properties of the real material. The definition 

of the material to assign to the model was therefore performed by adjusting and changing in various 

steps the material elastic parameters until the comparison between experimental and computational 

showed good results.   

The specific properties assigned to the two models used for the comparison with the experimental 

results of the pre-tests are listed in Table 25. 

 

Behavior Linear elastic 

Tensile modulus [MPa] 6090 

Poisson’s ratio 0.4 

Table 25: Material properties of the samples used for pre-tests 

 

The validation was performed comparing the force applied vs roller displacement outputs resulted 

from the experimental and from the computational tests. 

The computational force was evaluated as reaction force on the edges where the boundary 

conditions were applied (Figure 101). The total force to be compared with the experimental data 

was the sum of the two (left and right) reaction forces. 

In order to consider the FE models validated the percentage difference between the experimental 

and computational forces present in correspondence of the same displacements had to be <10%. 



3. Computational Test 

Experimental and computational evaluation of the re-fracture risk of the radius after screw removal 

95  

 

This had to be verified in correspondence of all the 10 force – displacement couples which 

represented the output of the computational analysis. 

The results of the validation are presented in the following charts.  

 

 
Figure 106: Computational-experimental comparison for the sample noHoles 

 

 
Figure 107: Computational-experimental comparison for the sample with central 2.7mm hole 

 

The percentage difference between experimental and computational forces in correspondence of 

ten displacements was always lower than 10% for both models evaluated. Complete results are 

presented in Attachment 4. 

As already mentioned, the main output of this phase was the verification that when on the 

computational model the displacement measured during the experimental test is applied and the 

correct material properties are set, the resultant forces (experimental-computational) are the same. 
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The results of the validation phase confirm that all the computational models which will be used for 

the following evaluations can be considered as correct representatives of the experimental situation, 

when the right material properties are inserted, since they behave in a similar way as they would in 

an experimental test. 

A second phase of the validation of the model was made qualitatively (by eye) analyzing the 

deformation mode of the two samples (experimental vs computational) which appeared very 

similar as can be seen from the below described aspects (also visible in Figure 108). 

1- Both experimental and computational models show the presence of only a rotation of the left 

coupling around the supporting roller. 

2- In both cases, the right block of the samples undergoes only a z-displacement of the zone of 

contact with the supporting roller  

The outcome of these two visual evidences is the verification that both samples slide on the right 

roller allowing the application of only vertical forces (no shear force and no axial forces on the 

radius shaft) with a fixed lever arm in both experimental and computational models. 

 

 
Figure 108: Comparison between the deformed experimental and computational samples 
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3.2 Computational Results 
 

The results in terms of energy to failure, force to failure and roller displacement to failure of the 

computational simulations are presented Figure 109, Figure 110 and in Table 26. 

 

 
Figure 109 Force – displacement comparison between single hole and noHole groups 

 

 
Figure 110: Force – displacement comparison between multiple holes and noHole groups 



3. Computational Test 

Experimental and computational evaluation of the re-fracture risk of the radius after screw removal 

98  

 

 Model 
Force to 

failure [N] 

Displacement 

to failure 

[mm] 

Stiffness 

[N/mm] 

Energy to 

failure 

[Nmm] 

1 NoHoles 1458.02 2.4 607.51 1924.58 

2 Sing3.5mm 621.39 1.01 615.23 314.58 

3 Sing2.7mm 630.79 1.04 606.53 328.01 

4 Sing4.5mm 594.53 0.98 606.66 292.05 

5 HybSYK3.5mm 517.48 0.94 550.51 243.82 

6 HybSYK2.7mm 533.04 0.925 576.26 271.80 

7 HybLCP3.5mm 522.55 0.95 550.05 248.83 

8 StdLCP3.5mm 522.22 0.95 549.70 248.68 

9 HybLCP4.5mm 479.98 0.95 505.24 228.62 

 Table 26: Computational simulation results 

 

The safety coefficients α, which were decided to be the parameters of comparison between groups, 

are presented in Table 27. 

 

 Configuration Model Safety coefficient α [-] 

1 

Single hole 

Sing3.5mm 0.164 

2 Sing2.7mm 0.171 

3 Sing4.5mm 0.152 

4 

Multiple holes 

HybSYK3.5mm 0.128 

5 HybSYK2.7mm 0.142 

6 HybLCP3.5mm 0.129 

7 StdLCP3.5mm 0.129 

8 HybSYK4.5m 0.119 

Table 27: Results in terms of safety coefficient for the tested models 

For each configuration the maximum (green) and the minimum (red) are highlighted 

 

All the images regarding the maximum principal stress distribution obtained after the performance 

of the simulations on the various models are presented in Attachment 6. 
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4. Discussion and Conclusions 
 

4.1 Discussion 

4.1.1 Experimental Test 

 

The most evident result after the performance of the experimental test was the great reduction of 

the energy needed to bring to failure the radius bone with holes left in correspondence of screw 

removal in comparison to the intact bone. The energy reduction was of 72% with the 2.7 mm holes 

and 74 % when the 3.5 mm holes were present while the decrement in regards to the maximum 

applied load was 42% and 44% respectively for the groups HybSYK2.7mm and HybSYK3.5mm. 

The results regarding the reduced force to failure have some similarities with the findings of 

Johnson et al., 1997. In this work fibula bones were tested in a three point bending configuration 

after a 3.5 mm hole was drilled on the shaft. The results showed a mean load reduction of 40%. 

[56] The data dispersion is evidently quite important (Table 28) and only five pairs of bones were 

tested. More data would probably be needed to confirm the results. 

 

 
Table 28: Load-to-failure for intact fibula and with one single 3.5mm hole fibula [56]  

 

However, these findings present some important differences if compared to the results of other 

scientific articles (for example Rosson et al., 1991) in which a reduction of the energy to failure of 

circa 50% in consequence of the removal of previously implanted screws was noticed. [61]  

Both works were cited since they evidently show the influence on the strength of a bone structure 

of holes left after screw removal and since no reference was found describing the results of a more 

similar test to the one performed in the present work. The comparison between the results of this 

work and of the two mentioned articles must be mainly a qualitative comparison since the 

differences, in terms of samples, loading conditions, etc., are multiple. 

Johnson et al., 1997, for example, tested fibula bones in a three point bending configuration after 

one 3.5 mm hole was drilled on the shaft.  

Rosson et al., 1991 tested instead tibiae from rabbits in which 1.5 mm and 2 mm screws where 

inserted and removed. The mechanical test performed was a 3 point bending test and the load 

formed a 45° angle with the axis of the screw. [61]  
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The statistical analysis performed on the results of the experimental test 2 results showed that the 

energy to failure, the force to failure and the displacement to failure of the groups HybSYK2.7mm 

and HybSYK3.5mm do not show any statistical significant difference. These results indicate that in 

regards to a bending test the presence of 2.7 mm or 3.5 mm holes induces a similar risk of re-

fracture. 

However the analysis of the mean values (and of the sum of ranks given by the statistical analysis 

in Attachment 5) shows a slight better situation when 2.7 mm screws are implanted and removed.  

The calculation of the safety factor α showed in fact a greater value for the HybSYK2.7mm group 

rather than for the HybSYK3.5mm group. 

This small advantage will be confirmed by the computational test whose results will be discussed 

in the following section. 

 

Analyzing Table 14 is can be noticed that, in particular for the samples with holes, the failure 

location was not always the same but was in each case located in correspondence of the most 

proximal defects. In fact for the group HybSYK2.7mm three failures occurred through the 5
th 

hole 

from distal, two through the 6
th
 and one through the 4

th
 while for the group HybSYK3.5mm four 

failures occurred through the 5
th
 hole, one through the 4

th
 and one through the 6

th
. This was 

probably due to a non-perfect precision in mounting plate and screws. Small differences in terms of 

positioning of the hardware can lead to a change in the location of the weakest cross section of the 

bone and therefore of the failure point during mechanical loading.  

 

A further aspect which is worth mentioning regards the maximum percentage differences observed 

for every measured parameter within each tested group in the experimental test 2. Table 16 shows 

values up to 37%, which could appear as a very important difference.  

It must be considered that between different samples, belonging to the same group, there can be 

differences due to material non-uniformity and to a non-perfectly reproducible production process. 

In addition some errors could have been inserted during the plate and screw mounting and during 

the testing phase. The percentage differences calculated are therefore in line with the usual values 

expected when performing mechanical tests on parts. 
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4.1.2 Computational Test 

 

As described in Chapter 3 the computational analysis was performed on radius models with no 

holes, single holes and multiple holes.  

The first consideration after the computational test performance on samples with single holes 

regarded the evident influence that their presence had on the strength of the radius when subject to 

a 4-point bending test (Figure 109 and Table 26). The results showed, in fact, a reduction of the 

energy needed to bring the bone to failure of approximately 82% when a 2.7 mm hole is present, 

83% with a 3.5 mm hole and 84% with a 4.5 mm hole. Very evident results can also be observed 

for the other evaluated parameters (mainly displacement to failure and force to failure).  

Results appear worse compared to the ones obtained by Johnson et al., 1997 and by Rosson et al., 

1991 (Table 28) but As already explained in Chapter 4.1.1 they analyzed a not completely 

comparable situation in regards to the one studied in the present work. 

  

As reported in Chapter 3 it was assumed that failure occurred in the point that first reached σmax = 

110 MPa. This stress level appeared to be for all the samples with holes in the inner wall of the 

hole itself (Figure 111) and not on the most distant surface from the neutral axis as happens in other 

cases (for example noHoles model).  

 

 
Figure 111: Location of the maximum stress for the samples with one single hole.  

In this example the 3.5 mm hole is shown  
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This aspect was expected since Pilkey et al., 2008 had reported that when a tube or bar of circular 

cross section with one hole is subject to bending the maximum stress does not occur on the surface 

of the shaft but at small distance inside the hole [58] This cited work helped giving a confirmation 

on the reliability of the computational model which, at least in correspondence of the holes, 

behaved exactly as expected in theory.  

A further consideration after analyzing the outputs of the computational data permitted to state that 

the presence of single holes of diverse diameter (in particular 2.7 mm, 3.5 mm and 4.5 mm) does 

not seem to vary significantly the behavior of the bone model. This could be stated since the energy 

to failure of the samples with holes does not differ significantly between the different groups, as 

can be verified in Table 26. 

This aspect is due to the fact that a hole influences the resistance of the structure in two ways, as 

already briefly introduced in Chapter 1.4.  

 

i. The hole introduces a reduction of the cross section and therefore of the second moment of 

inertia. The bigger the hole diameter is, the smaller the cross section and second moment of inertia 

will be. Therefore for equation (2) larger holes will cause the generation of higher stresses, 

especially on the most tensioned areas of the bone (the furthest from the neutral axis). 

 

  
 

 
   [MPa]  (2) 

 

The different stresses due to the reduced moment of inertia in correspondence of holes of different 

dimensions can be analytically calculated applying the above equation. The main source of errors 

in this calculation (which should be minimized) can be caused by an excessive simplification of the 

bone geometry, which is often considered as a hollow cylinder. In reality its shape is much more 

complex since there is, for example, a curvature and a non-constant bone marrow canal + 

trabecular bone shape as can be seen in the following image. 

 

 
Figure 112: Longitudinal cross section of the radius bone.  

The bone marrow canal + trabecular bone are highlighted in red 

 

The calculation of the maximum stress in the real bone structure is presented below and it was done 

considering the exact shape of the cross section in correspondence of which failure occurred. The 

precise second moment of inertia (evaluated through the CAD software in correspondence of the 

cross section of interest, as shown in Figure 113), an estimated value of y (distance between the 

center of gravity and the point of max stress as shown in Figure 114) were used when applying 

equation (2). 

Some approximations were anyway introduced in these calculations as well and mainly regarded y, 

which in formula (2) represents the distance between the neutral axis of the cross section and the 
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point in which the stress calculation is desired. The neutral axis position was not evaluable with the 

CAD software used; therefore the center of gravity was chosen to be used as it was a point 

(probably quite close to the neutral axis) which the software could calculate precisely.  

A second source of imprecision was given by the point named “max_stress” which is not perfectly 

placed since, as explained previously and as evident from Figure 111, the highest stress is not 

found on the surface of the sample. This point was chosen because it was the nearest selectable 

point to the area subject to maximum stress and since the actual location of σmax was not 

measurable through the CAD software. 

 

 
Figure 113: Cross section for calculating the second moment of inertia and values of I for different hole Ø 

 

 
Figure 114: Distance between the center of gravity and the area of maximum tension stress for the models 

with one single hole 

 

Knowing from the computational simulations the force-to-failure applied to the sample and the 

lever arm of the force itself, it was possible to calculate the analytical stress reached in 

correspondence of the point defined as “max_stress” in the previous image.  
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Regarding the stress calculations for the group noHoles, they were performed considering the 

moment of inertia of the cross section in correspondence of which failure occurred (circa 20 mm 

from the proximal upper block as shown in Figure 115). The distance y was measured between the 

center of gravity of the mentioned cross section and the volar surface of the radius bone. Results 

are presented in Table 29. 

 

 
Figure 115: Measurement of the position of the section subject to max stress   

 

sample I [mm^4] y [mm] max force [N]  σnom [MPa] 

noHoles 2005.01 6.97 1458.06 101.22 

Sing2.7mm 1561.76 6.77 636.86 55.21 

Sing3.5mm 1395.40 6.95 621.39 61.89 

Sing4.5mm 1192.27 7.26 594.53 72.40 

Table 29: Analytical σ calculation for the computational no holes and single hole groups 

 

The calculation of the stress at failure for the sample with no holes gave the value of 101.22 MPa 

which is smaller than the circa 110 MPa given by the computational model output and which 

represents the failure stress of the material. The percentage difference between the two stresses is 

ca. 7% and it was considered irrelevant since some of the previously described approximations in 

the calculations performed were inevitably inserted. The results of the computational simulation 

and of the analytical calculation were therefore considered equivalent. 

The situation for the samples with holes appeared quite different since an apparent failure in 

correspondence of a much lower stress than the cortical bone σmax = 110 MPa was calculated. 
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 This fact introduces the second influence given by a hole in regards to the static resistance 

of a structure. The presence of a geometrical discontinuity originates a stress concentration, in this 

case near the hole. In order to graphically see the mentioned stress rising (Figure 117) the stress 

distribution on a path defined in correspondence of the hole (Figure 116) was plotted. The point 

where the stress concentration is present is the most probable location of failure of the structure 

since σmax is reached earlier than in other areas. As stated previously an even greater stress is 

present in the inner surface of the hole must be highlighted. 

 

 
Figure 116: Path definition on the volar surface of the radius 

 

 
Figure 117: Stress on the path defined in proximity of the 2.7mm hole 

 

This aspect, which was already briefly introduced in Chapter 1.4, is not considered during the 

standard analytical stress calculations (results listed in Table 29). Therefore in case holes, notches, 

etc are present the stress evaluation should use as well other instruments (charts or finite element 

analysis) in order to correctly estimate the real stress level reached in the structure. 

The stress concentration originated on the radius bone by the presence of a hole can be described 

through the stress concentration factor kt (formula (3)). 

 

    
    

    
 [-] (3) 
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- σmax [MPa] represents the maximum stress actually reached in the structure. In this case it is 

equal to 110 MPa since the loading to failure is analyzed. 

- σnom [MPa] represents the analytical failure stress, calculated considering only the reduced cross 

section given by the presence of holes. The values of σnom are the ones listed in Table 29. 

 

The stress concentration factors induced by the different hole diameters are shown in the following 

table and were calculated considering the real radius shape. It must be highlighted that smaller 

holes origin greater stress concentration factors (and therefore greater stress near the hole). 

 

hole Ø [mm] σmax  [MPa] σnom  [MPa] kt  = σmax / σnom [-] 

2.7 110 55.21 1.99 

3.5 110 61.89 1.78 

4.5 110 72.40 1.52 

Table 30: Stress concentration factor calculation for the samples with single holes 

 

As mentioned previously the stress concentration factors can also be evaluated using the charts 

presented in several structural mechanics book such as Pilkey et al., 2008 [58] The chart for a 

regular tube or cylinder with a transverse single hole is presented in Figure 118. 

The use of the mentioned charts needs the knowledge of the geometrical parameters of the structure 

such as external diameter (D), internal diameter (di) and hole diameter (d) in order to calculate the 

parameters d/D, di/D which allow the evaluation of kt. The parameters characterizing the studied 

cases are presented in the following table. 

 

d [mm] di [mm] D [mm] d/D di/D 

2.7 

4* 14** 

0.19 

0.29 3.5 0.25 

4.5 0.32 

Table 31: Parameters for the evaluation of the stress concentration through the use of the charts.  

* and **: since the bone and bone marrow canal do not have a regular shape an approximated value  

was measured from the CAD model 

 

The result of the stress concentration evaluation using the chart of Figure 118 gives: 

 

-  kt ≈ 2.1 for the 2.7 mm hole  Confirmation of the fact that smaller holes generate  

-  kt ≈ 2.05 for the 3.5 mm hole   higher stress concentration   

-  kt ≈ 2.0 for the 4.5 mm hole 

 

It can be seen that the kt values estimated from the chart are not the same as the values calculated 

analytically. This difference is mainly caused by the use of the chart which refers to the bending of 

a regular hollow cylinder with one transverse hole which is a not completely comparable situation 

with the actual radius bone. For this reason the kt values calculated in Table 30 were considered the 

most correct parameters in describing the true stress situation on the structure since they are 

characterized by fewer approximations, mainly because the “true shape” was taken into account. 
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Figure 118: Chart for the evaluation of stress concentration factor in presence of a tube or cylinder with 

transverse hole (modified from [58])  

 

 

 



4. Discussion and Conclusions 

Experimental and computational evaluation of the re-fracture risk of the radius after screw removal 

108  

 

The last consideration regards the stiffness of the samples with one hole which appeared for each 

group similar to the one of the noHoles sample (Figure 109). This aspect indicates that one single 

hole does not appear to influence importantly the relationship between force and displacement of 

the structure which behaves in a similar manner as when no discontinuity is present (a part, 

obviously, from the level of force and displacement at failure). 

 

In conclusion, the tests on samples with one single hole showed only slight differences in terms of 

risk of re-fracture between different groups. The calculated safety coefficients α assumed, in fact, 

similar values meaning that the presence of a 2.7 mm, 3.5 mm or 4.5 mm hole does not change in 

an evident way the possibility of failure of the bone.  

As already described, this is caused by the fact that large holes generate higher stress than small 

holes because of a smaller moment of inertia; oppositely the stress concentration caused by the 

geometrical discontinuity given by large holes is lower than in presence of small holes. The sum of 

these two components leads to a similar situation in terms of force to failure, displacement to 

failure and energy to failure for all the samples analyzed characterized by single holes. 

However, the slightly safer case within the analyzed situations and when the radius is subject to 

bending is in presence of the hole left after removal of a 2.7 mm screw (α2.7mm = 0.175 > α3.5mm = 

0.164 > α4.5mm = 0.152). 

 

The above discussed simulations were followed by several ones performed on the radius bone with 

multiple holes left in consequence of the removal of different plates and screws. This section of the 

work would permit the evaluation of an actually possible situation in terms of holes present on a 

patient’s radius in the immediate period after plate removal. 

The first aspect noticed (Figure 110) regarded the significantly decreased energy to failure of these 

samples in comparison to the simulation performed on the intact bone model. This was, of course, 

an expected result since the reduced cross section and the stress concentration induced by holes 

causes, as explained for the single hole samples, a higher risk of failure. 

It was also noticed that the energy to failure was lower compared to the one present in the samples 

with a single hole. This aspect was probably due to the fact that having six holes in six different 

locations increases the chances of reducing an already weaker cross section of the intact bone. This 

consideration can be verified, for example, by comparing the location of the max principal stress in 

the samples HybSYK3.5mm and HybLCP3.5mm (Figure 119). It can be noticed that the maximum 

principal stress appeared in correspondence of the first hole from the distal epiphysis for the 

HybSYK3.5mm and on the second hole from the distal portion of the bone for the HybLCP3.5mm, 

even if the dimension of the holes are the same. 
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Figure 119: Different maximum principal stress location in the HybSYK3.5mm (top) and  

HybLCP3.5mm (bottom) models 

 

This difference in terms of location of the maximum stress (and of the probable failure point) is 

caused by the different position of the screws due to the different design of the plate. As can be 

seen in the following image, in fact, in the hybrid configuration the Stryker Variax 7 hole plate and 

the DePuy Synthes LCP 7 hole plate present a different distance between each hole and the center 

of the plate which corresponds, as described in the design section (Chapter 2.2.1), to the center of 

the bone. The different distances implicate that screws are placed in zones characterized by diverse 

cross section since the radius and bone marrow canal have an irregular shape. For these two groups 

the zones characterized by maximum stress (first distal hole for HybSYK3.5mm and second distal 

hole for HybLCP3.5mm) are the areas where the smaller cross section was measured (Table 32). 

 

 
Figure 120: Distance between the center and the holes in the hybrid configurations.  

Top: Hybrid Stryker; Bottom: Hybrid LCP   

: locking screws;  : cortex/bone screws; : plate center 
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Group Hole # Cross Section [mm
2
] 

HybSyk3.5 mm 

1 - distal 108.93 

2 110.46 

3 112.98 

4 120.27 

5 122.23 

6 – proximal 120.13 

 

HybLCP3.5 mm 

1 – distal 110.12 

2 109.23 

3 113.10 

4 119.02 

5 123.55 

6 - proximal 118.65 

Table 32: Cross section measurement for the groups HybSyk3.5 mm and HybLCP3.5 mm.  

The minimum cross section for each group is highlighted 

 

The analysis just described showed that there might be a higher risk of re-fracture when choosing 

to implant a screw in one location instead than in another one since the bone is characterized by a 

not regular shape.  

A further analysis of results showed that the distal portion of the radius is the most critical area in 

terms of risk of re-fracture when screws are removed after plate fixation. This aspect can be 

evidenced for each screw pattern and screw dimension and as example the following case 

(HybSYK3.5mm) is presented. 

 

 
Figure 121: Maximum principal stress for HybLCP3.5mm 
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Analyzing Figure 121 it can be noticed that the three proximal holes (right holes) present lower 

principal stresses compared to the three most distal holes (left holes) since the area characterized by 

yellow and orange color is significantly smaller. Since this happens for all the analyzed groups it 

can be surely stated that the distal portion of the radius shaft is the most critical in reference to 

failure, at least when bending is applied. The situation appears to be very different in comparison to 

the sample with no holes where the greater stress was noticed on the most proximal portion of the 

bone. 

 

Another aspect which was noticed comparing the above presented stress results (HybLCP3.5mm) 

with the ones obtained with other screw patterns is the reduction of stress that sometimes appears 

between holes (more evidently in the proximal side of the shaft). In the above presented image this 

behavior can be seen in the space between holes 1-2 and between holes 5-6 where the stress is 

characterized by a dark green (lower stress than between holes 2-3 and 4-5). A confirmation of 

such finding is presented for the model HybSYK3.5mm in Figure 122 and for the model 

StdLCP3.5mm in Figure 123. The arrows indicate the mentioned zones of stress reduction. In the 

distal region this effect was noticed when the distance between holes was approximately smaller 

than 12 mm, in case of 3.5 mm holes.  

Even if the zone of maximum stress (area of most probable failure) does not appear influenced by 

this effect it is always better to have wider areas characterized by lower stresses. 

 

 
Figure 122: Stress distribution for the HybSYK3.5mm model. Indicated by arrows are the zones of stress 

reduction in the space between holes 
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Figure 123: Stress distribution for the StdLCP3.5mm model. 

 

For 2.7 mm screws the distance probably needs to be even smaller in order to obtain the described 

stress reduction behavior since, as evident in Figure 124, the dark green region is scarcely present 

between holes, also in correspondence of the proximal region which in the other cases shows a 

much more evident reduced principal stress. 

 

 
Figure 124: Stress distribution for the HybSYK2.7mm model. 
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Results presented in Figure 110 also evidence that the samples with multiple holes show a lower 

stiffness compared to the intact bone. This is also an expected finding since the presence of 

multiple holes tends to weaken the structure which will then show an increased deformation 

capability in correspondence of the application of the same forces. To be evidenced is the fact that 

the stiffness of the samples with smaller holes (2.7 mm in this case) is higher than the one with 

larger holes (3.5 mm and 4.5 mm).  

 

Regarding the major goal of this investigation the following considerations were made. The models 

which presented 3.5 mm screws appear all the same in terms of safety since α assumes in each case 

the value of 0.129. The different position of the holes, therefore, does not influence the strength of 

the structure.  

The model with 2.7 mm multiple holes represents the best situation in terms of risk of re-facture 

when bending is applied (higher energy to failure and higher safety coefficient) while the model 

which presents multiple 4.5 mm holes is the weakest and therefore the energy to failure and α 

assume lower values. This last statement confirms literature data since a lower energy to failure, 

compared to the groups with smaller holes, was calculated (higher failure risk).  

Differences in regards to the risk of re-fracture are present but they are not significantly evident 

(αHybSYK2.7mm = 0.142 > αMultiple3.5mm = 0.129 > αHybSYK4.5mm = 0.119). 

 

All the analyzed results with single or multiple holes were obtained through a finite element 

analysis performed assigning to the cortical bone material linear, isotropic and brittle properties. 

In reality the situation is more complex since the cortical bone exhibits viscoelastic properties (the 

material is sensitive to strain rate and to the duration of the applied loads), anisotropic behavior 

(mechanical properties vary in regards to the direction of evaluation) and ductile or brittle failure 

mode in dependence to the strain rate applied. [90] The reasons why the cortical bone was modeled 

in a simpler way were presented in Chapter 3. 

The outcome of the computational simulations was not expected to be numerically exactly the same 

as what would happen in reality but it was believed it would highlight correctly the geometrical 

influence of different holes and hole patters in the risk of re-fracture of the radius after hardware 

removal, which is exactly the aim of this work. 

 

The loading applied to the bone, in both the experimental and computational tests, was a pure 

bending in the shaft region. This situation causes one side of the bone to be in tension and one side 

to be in compression. The applied loading pattern is an approximation of what happens in reality 

and it was chosen since it represented a worst case and allowed to manage an easy performance of 

the experimental and computational tests. Physiologically, the action of the muscles also generates 

some compression (in a stepwise trend as shown in Figure 51) which permits the release of a part 

of tension on the volar surface and the addition of some compression on the opposite side. This 

pattern would probably lead to higher energy to failure (safer situation) during loading since the 

most critical stress (tension driven) is lowered. This is one of the reasons why the performed tests 

can be considered as worst case. The other reasons were already described in the test definition 

presented in Chapter 2.1.2. 
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4.2 Conclusions  
 

The work performed had the aim of evaluating the influence of the screw removal in the re-fracture 

risk of the radius bone. 

In particular a computational analysis was performed on samples with one single hole of different 

diameters in order to verify the dimension influence on the static resistance of the bone structure. 

The major finding was that the energy to failure decreased significantly in presence of any hole (-

80%) compared to the situation when no hole was present on the bone model. 

The slightly safer situation in terms of re-fracture risk, when a 4-point bending tests is performed, 

was given by the presence of the 2.7 mm hole. However, the energy to failure, force to failure and 

safety coefficient did not highlight extremely important differences when 2.7 mm, 3.5 mm and 4.5 

mm single holes were present.    

The comparison in terms of safety factor for the samples with a single hole is presented in the 

following image. 

 

 
Figure 125: Comparison between the safety factor α for the samples with one single hole.  

(Min possible α = 0 ; Max possible α = 1)  

 

The evaluations involving radius models with multiple holes were done, instead, for analyzing the 

behavior of the structure in presence of different hole patterns during a bending loading in order to 

have an idea of what could happen in a real situation involving a patient subject to the removal of 

plate and screws from the forearm. This evaluation was made through an experimental test and a 

computational test. It must be highlighted that experimental test and computational test performed 

on the radius with multiple holes are not completely comparable since, as presented in the previous 

chapters, the test setup, loading conditions, etc presented some diversities. Differences can be seen 

for example in the failure location of the computational and of the experimental samples with 

multiple holes (distal and proximal area of the shaft respectively) and also in the results of the 

calculation of the safety factor α which does not appear exactly the same for the experimental and 

the computational tests (Figure 126). 
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Figure 126: Comparison between the safety factor α for the samples with multiple holes obtained from the 

computational and experimental tests (Min possible α = 0 ; Max possible α = 1)  

 

However, the results of both tests showed that the slightly safer situation was the one which 

presented 2.7 mm screws since the calculated energy to failure and safety factor were the highest. 

The relationship between groups HybSYK2.7mm and HybSYK3.5mm appears similar in both 

experimental and computational analysis. In fact the difference between the two safety factors is 

7% and 10% respectively for the experimental and computational tests. 

 

The differences in terms of all the analyzed parameters, and therefore in terms of safety factor, are 

probably due to the different approaches used for the experimental and computational analysis 

since it has not been possible for multiple reasons (time, expenses, etc) to uniform the tests. 

The main aspects of diversity regarded: 

 

- Material: the computational test was performed assigning to the model a single material 

(cortical bone) while the experimental samples are made of two materials (epoxy and PU 

foam). The mechanical properties of the different materials are different and, therefore, the 

behavior of the samples during mechanical testing was different.  

- Shape: the computational samples were characterized by an anatomical shape also in regards 

to the bone marrow canal which showed an increasing dimension towards the epiphysis of the 

bone (Figure 112). The experimental samples had, instead, a constant 5 mm bone marrow 

canal throughout the radius length. 

- Hole orientation: the computational samples (and samples designed for test 1) presented an 

alignment of the axis of the holes with the direction of application of the force since, as 

described in Chapter 2, it was considered a worst case loading.  

The experimentally tested samples did not show this alignment since the plate was positioned 

less precisely and the volar surface of the bone was not exactly perpendicular to the force 

when the sample was mounted on the 4-point bending jig. 

- Bone positioning: the computational model (and samples designed for test 1) allowed an 

extremely reproducible placement of the sample (see Figure 67) while the experimental test 

had more chances of inserting imprecisions while positioning the bone on the 4-point bending 

jig since no coupling was present. 
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Despite these differences both experimental and the computational tests showed an important 

reduction of the energy to failure (70% - 80%) and of the force to failure (40% – 60%) when holes 

were present on the radius bone shaft subject to a 4-point bending test. It must be kept in mind that 

the test performed, as stated previously, did not represent exactly a physiological situation but an 

extreme loading case. 

This finding is important since it proves that during the period after plate removal the bone is 

actually heavily weakened and it should be paid attention in performing stressful activities for the 

forearm since its capability of adsorbing forces and displacements is limited. This is valid for every 

plate and every type of screw implanted and consequently removed, even for the 2.7 mm screws 

which represent the safer situation. 
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4.3 Future developments 
 

The future developments of the presented work could touch different points for both experimental 

and computational tests in order to obtain more precise and realistic results. 

Regarding the experimental test the future developments would be directed in order to more 

precisely manage to perform the implant of plate and screws and the 4-point bending test. This 

would require for example the design and construction of specific couplings which would 

guarantee the correct alignment and orientation of the sample in every phase. An initial design (see 

Figure 127 and Figure 128) was started but could not be brought to the production phase because of 

time issues.  

 

 
Figure 127: Exploded view of the possible future couplings for a more precise preparation and testing of 

the Sawbones® bone models 

 

 
Figure 128: Testing mode of the possible future setup 
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As a continuation of the experimental work performed it would also make sense to test the 

configurations which were not managed to be tested. This would allow a complete comparison of 

the computational – experimental results which could confirm that the relationship between 

different screw patterns is the one noticed and described in Figure 126. It would also eventually 

allow confirming that the gap between experimental and computational results is only due to the 

differences in test samples, test setup, test performance, etc.   

 

With regards to the computational analysis the greatest improvements could be made in order to 

achieve a much more realistic model to simulate. 

This improvement would involve for example the material definition. In fact, as explained in 

Chapter 3, the cortical bone was assumed for simplicity as an ideal linear, isotropic and brittle 

material. An interesting continuation of the work would therefore be the definition of more realistic 

properties which could more precisely simulate the actual behavior of the bone. This would 

inevitably lead to a higher number of iterations performed by the software and therefore to a greater 

computational time. 

The material refinement should also be accompanied by a more physiological definition of the 

loading pattern on the bone. This task would require the analysis of a great number of movements 

and actions performed with the forearm until a worst case could be defined. The resulting loading 

would not comprehend only bending but compression, torsion and shear would also probably be 

present as well. This improvement looks eventually to be more feasible from a computational 

perspective rather than from an experimental point of view for the reason that building a setup 

which can apply all the mentioned loads can be very complicated. 

The effort to go towards a more realistic condition would also require the consideration of the holes 

left by the screws not only as simple cylinders. The actual shape of the screws could be easily cut 

out from the bone model using CAD software and the eventual influence of the shape of the thread 

in generating high stresses could be verified.  

A further aspect that could be evaluated through the use of computational tools is the eventual 

existence of a screw configuration that allows minimizing the risk of re-fracture of the radius in the 

period successive to the reduction of a shaft fracture. The reduction of the stress distribution in 

areas of the bone discussed in Chapter 4.1.2 would need the performance of further studies and 

simulation in order to understand in detail the parameters that effectively drive this phenomenon 

which in literature is called “shadow effect”. 

The “shadow effect” usually refers to the voluntary insertion of notches/holes/grooves in a body in 

order to lower the stress concentration that appears on the tested samples. Therefore problems of 

stress concentration can be solved by removing material instead of adding material. 

In the specific case of the radius bone with holes the limitation of stress concentration could maybe 

be performed by avoiding sudden changes of cross section (the use of gradual increasing screws is 

an example) or by placing the holes at a calculated distance [80] This last described mode of 

reducing σ was already noticed in the computational test (and discussed in 4.1.2) where different 

distance between holes produced different stress levels in the region between them. 

 

 

 

 



Attachments 

Experimental and computational evaluation of the re-fracture risk of the radius after screw removal 

119  

 

Attachment 1 
 

Bended Beams [80]  

 

Considering a polar coordinate system ρ - θ with origin in the center of curvature C the following 

dimensions can be defined (see Figure 129). 

 

- z: distance of the generic fiber from the neutral axis; 

- zg: distance of the barycenter from the neutral axis; 

- ρ: radius of curvature of the generic fiber; 

- ρn: radius of curvature of the fiber in correspondence of the neutral axis; 

- ρg: radius of curvature of the fiber in correspondence of the baricentral axis; 

- θ: angular position of the generic section 

 

 
Figure 129: Curved Beams. Left: reference system;  

Center: cross sections rotations and lengthening of the generic fiber; Right: cross section [80] 

 

The relationship between the coordinates relative to the center of rotation and to the neutral axis is 

the following: 

 

   ρ - ρn  (1) 

 

Considering M the bending moment applied to the beam, the normal stress to the cross section has 

a null resultant (2 left) and a bending moment equal to the following relationship (2 right): 

 

          
 

               
 

  (2) 

 

Considering a fiber positioned between two sections at an angular distance of dθ, distant ρ from the 

center of curvature and z from the neutral axis, whose initial length is l = ρ*dθ. After the 

deformation the cross sections of the beam rotate of φ (θ) around the neutral axis in correspondence 

of which the fiber maintains its original length. 
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The relative rotation of the the sections is dφ = (θ+dθ)- φ(θ) and the consequent lengthening of the 

fiber distant z from the neutral axis results dl = z* dφ. 

The deformation of the fiber is therefore given by the following equation: 

 

   
  

 
 

    

    
  

  

  
 

 

    
  (3) 

 

From relations (2 - right) and (3) it is possible to derive: 

 

        
    

   
  (4) 

 

Equation (4) gives a relation between the stress in one point, the distance z from the neutral axis, 

the curvature ρ and the function dφ / dθ. 

 

In presence of a curved beam the neutral axis is not barycentric also when a simple flexion is 

applied. In fact, from (2 - left) and (4) the following relation is obtained. 

 

   
  

  
  

 

  
       (5) 

Equation (5) is verified for:  

 

 
 

 
     

 
     (6) 

 

The position of the neutral axis can be extracted from (6): 

 

 
 

 
      

     

 
      

  
    

 

  
          

 
 (7) 

 

 

And it can be obtained solving the following integral: 

 

    
 

 
 

 
   

 

  (8) 

   

Solving equation (8) is also possible to demonstrate that the neutral axis is always shifted towards 

the center of rotation of the bended beam. 

 

The definition of the stress trend on the cross section can be made using equations (2 - right) and 

(4): 

 

             
  

  
  

  

 
  

  
 (9) 

 

Remembering (1), the argument of the integral can be written as:  

 

  

 
 

         

 
    

   

 
 (10) 
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Inserting (10) in (9): 

 

     
  

  
       

 
     

 

 
   

 
   (11) 

 

The first integral gives: 

 

           
 (12) 

 

The second integral is zero (see equation (5)). 

Equation (11) becomes: 

 

    
  

  
       (13) 

 

This can be re-written as: 

 

 
  

  
 

  

    
     (14) 

 

Substituting (14) in equation (4): 

 

   
   

       
  

  

     
 

  

    
  (15) 

 

The stress trend is hyperbolical. The superior and inferior edges are subject to the stresses: 

 

   
    

      
     

    

      
 (16) 

 

The stress on the superior or inferior surface is a tension or compression stress in dependence to the 

moment applied but the maximum stress is always located on the edge nearest to the center of 

curvature. 

 

 
Figure 130: Stress trend on the cross section of the bended beam [80] 
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Attachment 2 
 

PA GF material data sheet 
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Attachment 3 
 

The results of the experimental test 1 on the PA GF samples are presented below.  

The samples which reached failure are listed in black. The max force reached is the force to failure 

of the samples and the max displacement reached represents the displacement to failure. 

The samples which did not reach failure are listed in grey. The values of force to failure, 

displacement to failure and energy to failure were not possible to evaluate since the limit of 

displacement of the rollers was reached and the measurement had to be stopped. 

 

Tested Group Sample# Failure mode 
Stiffness 

[N/mm] 

Max 

reached 

force [N] 

Max reached 

displacement 

[mm] 

Energy to 

failure 

[Nmm] 

No Holes 

1 Brittle breakage 112.59 1648.99 14.24 11813.12 

2 No-failure 82.61 890.93 14.05 - 

3 No-failure 105.43 1273.42 13.58 - 

4 No-failure 74.15 1047.53 13.63 - 

5 No-failure 104.07 1210.73 13.36 - 

6 Brittle breakage 135.63 1072.22 8.50 5071.37 

 Median  104.07 1648.99 14.24 8442.25 

SingLCP3.5mm 

1 Brittle breakage 153.23 997.69 6.76 3529.96 

2 No-failure 73.63 1082.33 13.84 - 

3 No-failure 113.07 1222.65 13.91 - 

4 Brittle breakage 88.58 940.68 10.58 5187.37 

5 Brittle breakage 128.77 873.9 7.37 3589.74 

6 Brittle breakage 117.59 1022.38 10.17 5579.45 

 Median  115.33 969.19 8.77 5383.41 

SingSYK3.5mm 

1 Brittle breakage 85.33 936.93 n/a 5143.75 

2 Brittle breakage 149.22 982.25 6.90 3613.28 

3 Brittle breakage 132.99 861.38 8.80 4334.17 

4 Brittle breakage 108.41 975.4 10.18 5330.04 

5 Brittle breakage 134.14 898.74 8.67 4544.94 

6 Brittle breakage 143.9 895.28 7.25 3610.17 

 Median  133.57 917.84 8.67 4439.55 

SingLCP4.5mm 

1 No-failure 72.39 1095.23 13.97 - 

2 No-failure 78.21 1061.58 13.38 - 

3 Brittle breakage 84.83 1108.56 12.38 6265.10 

4 No-failure 87.51 1110.08 13.81 - 

5 No-failure 97.33 1158.75 13.81 - 

6 No-failure 70.32 1231.05 13.88 - 

 Median  81.52 1108.56 12.38 6265.10 

SingSYK2.7mm 

1 Brittle breakage 149.73 1203.51 8.70 5476.31 

2 No-failure 73.325 1017.37 13.93 - 

3 No-failure 77.22 987.10 14.24 - 

4 No-failure 98.07 1184.82 13.56 - 
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5 Brittle breakage 83.63 814.29 10.46 4487.93 

6 No-failure 110.92 922.45 14.08 - 

 Median  90.85 1008.9 9.58 4982.12 

HybSYK3.5mm 

1 No-failure 76.74 991.27 12.85 - 

2 No-failure 95.91 1021.69 14.22 - 

3 Brittle breakage 83.62 1173.58 12.67 6870.76 

4 No-failure 73.60 868.44 13.50 - 

5 No-failure 54.79 995.72 13.17 - 

6 Brittle breakage 119.33 1036.66 10.10 5695.00 

 Median  80.18 1008.71 11.39 6282.88 

HybLCP3.5mm 

1 No-failure 60.81 1116.63 13.99 - 

2 No-failure 71.88 1324.55 13.61 - 

3 No-failure 57.48 1074.86 13.63 - 

4 No-failure 69.37 990.41 13.74 - 

5 No-failure 67.77 982.81 13.24 - 

6 Brittle breakage 65.054 1116.14 13.53 6373.21 

 Median  65.064 1116.14 13.53 6373.21 

StdLCP3.5mm 

1 Brittle breakage 103.53 984.78 10.89 5868.39 

2 No-failure 97.85 1461.41 13.68 - 

3 Brittle breakage 98.60 940.34 10.01 4646.34 

4 Brittle breakage 95.57 989.29 11.26 5940.18 

5 Brittle breakage 94.63 1095.27 11.77 6652.33 

6 Brittle breakage 90.58 989.02 11.25 5526.31 

 Median  95.57 989.02 11.25 5868.39 

HybSYK2.7mm 

1 Brittle breakage 86.46 1023.63 11.83 6302.28 

2 No-failure 91.41 1185.13 13.94 - 

3 No-failure 68.90 1063.90 13.58 - 

4 No-failure 91.84 1177.04 13.67 - 

5 No-failure 68.24 977.98 13.29 - 

6 Brittle breakage 127.37 1047.16 8.94 4874.80 

   88.94 1035.40 10.39 5588.54 

Table 33: Complete results of the experimental tests on PA GF samples 
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Attachment 4 
Validation model noHoles: 

 

 Table 34: Validation results for the sample noHoles 

 

 

Validation model SingSYK2.7mm: 

 

 
Table 35: Validation results for the sample SingSYK2.7mm 

  

displacement [mm] experimental force [N] computational force [N] percentage difference 

0 0 0 0

0.8119 172.073 160.347 -6.814549639

1.6238 355.22 320.7 -9.717921288

2.4357 531.65 481.05 -9.517539735

3.2476 708.22 641.4 -9.434921352

4.0595 879.88 801.76 -8.87848343

4.8714 1037.97 962.11 -7.308496392

5.6833 1228.67 1122.48 -8.642678669

6.4952 1410.37 1282.84 -9.042308047

7.3071 1545.64 1443.2 -6.627675267

8.119 1704.63 1603.58 -5.927972639

displacement [mm] experimental force [N] computational force [N] percentage difference 

0 0 0 0

0.626 112.7 122.476 8.674356699

1.252 248.805 244.96 -1.54538695

1.878 379.04 367.43 -3.063001266

2.504 510.39 489.91 -4.012617802

3.13 641.23 612.4 -4.49604666

3.756 761.56 734.88 -3.503335259

4.382 918.72 857.37 -6.67776907

5.008 1032.44 979.86 -5.092789896

5.634 1131.45 1102.35 -2.571920986

6.26 1242.91 1224.84 -1.453846216
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Attachment 5 
Detailed results of the statistical analysis 

 

 
Table 36: Statistics case processing summary 
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Table 37: Descriptive statistics for each variable of each tested groups. 

 Mean value and standard deviation are highlighted 
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Table 38: Mann-Whitney- U Test results in regards to the parameter “ENERGY TO FAILURE”   

The p-values are highlighted in red 
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Table 39: Mann-Whitney- U Test results in regards to the parameter “MAX FORCE”   

The p-values are highlighted in red 
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Table 40: Mann-Whitney- U Test results in regards to the parameter “MAX DISPLACEMENT”   

The p-values are highlighted in red 
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Table 41: Mann-Whitney- U Test results in regards to the parameter “STIFFNESS”   

The p-values are highlighted in red 
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Attachment 6 
 

Computational Outputs 

 

 
 

 

 
 

 

No Holes 

Sing 4.5 mm 
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Sing 3.5 mm 

Sing 2.7 mm 
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StdLCP3.5 mm 

HybSYK3.5 mm 
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HybLCP3.5 mm 

HybSYK2.7 mm 
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HybLCP 4.5 mm 
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