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Abstract 

Carpal kinematics have been previously investigated, yet there remains no consensus 

regarding the relative contribution of each bone to total wrist motion. A more detailed 

understanding of carpal kinematics is essential in the effective diagnosis and treatment of 

injuries of the wrist, as many injuries manifest as an alteration in intercarpal kinematics. 

The scapholunate (SL) ligament is one of the most commonly injured intercarpal 

articulations resulting in a cascade of degenerative changes included cartilage wear and 

altered joint kinematics. The SL ligament is considered the primary stabilizer of the SL 

joint but is surrounded by a complex network of secondary ligamentous constraints, each 

contributing to the maintenance of normal SL kinematics. The ligamentous anatomy of the 

SL ligament and secondary stabilizers has been well established, although the functional 

and stabilizing role of each structure remains unclear. This work investigates the relative 

role and contribution of the scaphoid, lunate, and surrounding ligamentous restraints 

during planar wrist motions. An in vitro study examined the kinematics of the scaphoid, 

lunate, and capitate during planar motions of wrist flexion and extension. Scaphoid and 

lunate motion was found to correlate linearly with wrist motion throughout flexion and 

extension, with the scaphoid contributing at a greater degree throughout flexion-extension. 

Both the scaphoid and lunate were found to contribute more to wrist motion during flexion 

when compared to extension. A subsequent in vitro study examined the effect of the 

sequential sectioning of the SL ligament and two secondary stabilizers, the 

scaphotrapezium-trapezoid (STT) ligament and the radioscaphocapitate (RSC) ligament, 

on scaphoid and lunate kinematics during wrist flexion-extension and radial-ulnar 

deviation. The SL ligament was found to be the primary stabilizer of the SL joint, as 

sectioning caused the largest angular change in SL kinematics, and the STT and RSC 

ligaments are secondary stabilizers, as the additional sectioning induced further postural 

changes in SL kinematics. A more detailed understanding of role and stabilizing function 

of the SL ligament and secondary stabilizers may assist in the development of more 

effective treatment strategies following injury to the SL articulation. 

Keywords: Wrist; Carpal Bones; Scaphoid; Lunate; Carpal Instability; Scapholunate 

Ligament 
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Chapter 1 

1 Introduction 

Overview 

The purpose of this thesis is to evaluate the in-vitro kinematics of the capitate, scaphoid, 

and lunate during unconstrained simulated wrist motion. The role of the scapholunate 

ligament and the secondary stabilizers of the scapholunate joint will be analyzed with 

respect to scaphoid and lunate kinematics. As an introduction, this chapter will focus on 

the anatomy and kinematics of the wrist joint. The role and current state of previously 

implemented in-vitro simulators will be reviewed. The objective, hypothesis, rationale, 

and outline of the thesis are highlighted.  
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1.1 Anatomy of the Hand and Wrist 

The wrist is a complex joint structure linking the hand to the forearm. The wrist is 

comprised of numerous structures each with an essential role in maintaining function and 

mobility of the joint. The joint complex consists of multiple articulations between the 

bones of the distal forearm, the carpal bones, the metacarpals, the phalanges and each 

other. The wrist also is surrounded by a network of soft tissues including the tendons that 

cross or attach onto the carpus and the ligaments that connect carpal bones to one another 

and the bony structures of the hand and forearm.1   

 

1.1.1 Bony Anatomy 

The hand consists of twenty-seven bones that articulate with the two bones of the distal 

forearm in order to provide the necessary structure to perform everyday tasks.2 Bones are 

formed with two layers of tissue, a dense outer layer termed cortical or compact bone, 

and a porous inner layer termed trabecular or cancellous bone.2 Bones are typically 

categorized into one of four groups: long, short, flat or irregular; with only long and short 

bones residing in the hand. Long bones consist of three regions, the shaft and the 

proximal and distal extremities.2 The shaft or diaphysis spans the length of the bone and 

the extremities or epiphysis allows the bone to articulate with adjacent bones.2,3 Short 

bones are cuboidal, equally wide as they are long, and provide support with little relative 

motion.4 
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1.1.1.1 Radius 

The radius is the shorter of the two parallel long bones that make up the forearm and is 

located on the lateral side of the ulna when placed in neutral anatomic position (Fig. 1-

1).5 The radial head is a cylindrical articular structure at the proximal end of the radius.2 

The cupped proximal surface, termed the articular dish, articulates with the capitellum of 

the distal humerus allowing for axial rotation of the forearm.5 The articular circumference 

of the radial head articulates with the radial notch of the proximal ulna.5 Coursing distally 

past the radial head the radius begins to narrow forming the radial neck and eventually 

the shaft of the bone.2 The radial tuberosity is the rough projection found on the medial, 

anterior surface of the proximal radius and acts as the insertion site for the biceps brachii 

tendon.2,5 The radial shaft bows laterally along the length of the bone with a prismoid 

cross sectional area forming four surfaces: dorsal, volar, medial and lateral.2 At the distal 

end of the radius the diaphysis diverges forming two articulating surfaces: the ulnar 

notch, located on the medial side to articulate with the distal ulna, and the smooth 

concave groove on the distal surface to articulate with the proximal carpus.2 The concave 

surface of the distal radius has two separate articular facets: the scaphoid and lunate 

fossa.6 The fossae are separated by the cartilaginous sagittal ridge known as the interfacet 

prominence, forming a congruent articulation between the proximal scaphoid and lunate.6 

The lateral edge of the distal radius extends more distally forming the radial styloid 

process. This conical shaped osseous projection constrains the proximal pole of the 

scaphoid and is the site of attachment for the radioscaphocapitate ligament.2,6 
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Figure 1-1: Bony Anatomy of the Radius. Bony anatomy of the left radius with important landmarks. (A) 
Lateral View, (B) Anterior View, (C) Distal Articular Surface, and (D) Proximal Articular Surface. 
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1.1.1.2 Ulna 

The ulna is the longer of the two parallel long bones within the forearm located on the 

medial side of the radius when in neutral anatomic position (Fig. 1-2).5 The ulna is 

formed by three segments: the proximal portion, the shaft, and the distal portion.2 The 

ulna converges to a smaller head at the distal end of the diaphysis.2 At the proximal end 

the ulna forms a cup like projection articulating with the trochlea of the humerus and the 

head of the radius.5 This projection can be grouped into three different sections: the 

olecranon process, the trochlear notch, and coronoid process.2,5  At the proximal most 

edge of the projection is the olecranon process with an anterior-inferior smoothed 

concave surface that forms the superior aspect of the trochlear notch.2 At the distal end of 

the trochlear notch is the coronoid process characterized by a smooth anterior-superior 

surface which closes the cup like projection.2 The trochlear notch is formed by the 

concave region residing between the two projections forming a hinge joint to articulate 

with the trochlea of the humerus.5 A guiding ridge separates the medial and lateral facets 

of the sigmoid notch. The radial notch, located on the lateral side of the proximal ulna, is 

characterized by its concave groove which articulates with the radial head allowing 

rotation about the ulna during forearm pronation and supination.5 The ulnar head has two 

distinct surfaces: on the lateral side a round surface to articulate with the sigmoid notch 

of the distal radius; and projecting distally on the medial side the ulnar styloid process.5,6   
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Figure 1-2: Bony Anatomy of the Ulna. Bony anatomy of the left ulna with important landmarks. (A) 
Lateral View, (B) Anterior View, (C) Distal Articular Surface, and (D) Proximal Articular Surface. 
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1.1.1.3 Carpal Bones 

The carpus is composed of eight carpal bones which are conveniently divided into two 

anatomic rows, a proximal and distal carpal row (Fig. 1-3).2 Moving radially, the 

proximal carpal row is composed of the scaphoid, lunate, triquetrum and pisiform, while 

the distal carpal row is formed by the trapezium, trapezoid, capitate and hamate.7 As the 

pisiform is a sesamoid bone within the flexor carpi ulnaris tendon it is frequently 

excluded as being considered a true carpal bone.7 Each carpal bone, with the exception of 

the pisiform, presents with six surfaces dedicated to articular contact or capsular 

attachment.2,7 The structure of each bone remains similar, cancellous tissue enclosed by 

compact bone.2 For the purpose of this thesis only the capitate, scaphoid and lunate will 

be discussed in detail. 

 
Figure 1-3: Carpal Bones. Volar view of the left hand showing the eight carpal bones and the distal radius 
and ulna. The proximal carpal row is formed by the scaphoid (S), lunate (L), triquetrum (TQ), and pisiform 
(P). The distal carpal row is formed by the trapezium (TP), trapezoid (TZ), capitate (C), and hamate (H). 
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1.1.1.3.1 Capitate 

The capitate, positioned in the centre of the wrist, is the largest carpal bone and acts as 

the basis for the transverse carpal arch (Fig. 1-4).6 The capitate has two nonarticular 

surfaces, volar and dorsal. The rough volar surface acts as an attachment site for the distal 

ligaments crossing over the midcarpal joint, while the dorsal surface contains foramina 

for blood vessels.6 The head of the capitate is formed by the proximal one-third of the 

bone. This cartilage covered region is characterized by its spheroidal shape allowing for 

three different regions with differing radii of curvature for articular contact.6 The lateral 

aspect is for the scaphoid, the proximal region for the lunate and the medial aspect, which 

is almost flat, for the hamate.6 The radial portion of the distal aspect of the capitate, 

termed the body, is a flat cartilage covered region and contains an articular facet for the 

trapezoid.6 The ulnar aspect of the capitate, not covered in cartilage, holds a distal volar 

depression which acts as the attachment site of the capitohamate interosseous ligament.6 

The distal articular surface of the capitate has two facets, one slightly concave facet 

which articulates with the base of the third metacarpal and one small lateral facet which 

articulates with the styloid process of the second metacarpal.6 

 

 
Figure 1-4: Bony Anatomy of the Capitate. Bony anatomy of the left capitate with important landmarks. 
(A) Lateral View, (B) Volar View, (C) Distal Articular Surface, and (D) Proximal Articular Surface. 
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1.1.1.3.2 Scaphoid 

The scaphoid is the largest carpal bone of the proximal row and is located on the radial 

side of the carpus (Fig. 1-5).2 The scaphoid plays a critical stabilizing link between the 

proximal and distal carpal rows.6 The scaphoid has four articular facets covering the 

majority of its surface: a proximal-lateral convex facet, articulates with the scaphoid 

fossa and distal radius; a medial semilunar facet, articulates with the lateral region of the 

lunate; a distal-medial concave oval facet, articulates with the lateral surface of the head 

of the capitate; and a distal convex articular surface, commonly separated by a smooth 

sagittal ridge, for the trapezoid and trapezium.6 The scaphoid tubercle or tuberosity, 

located between the proximal and articular surfaces on the volar aspect of the bone 

provides an attachment point for ligaments.6 This non articular surface continues laterally 

along the surface of the scaphoid forming the waist of the bone, where the majority of the 

vascular elements enter.6 The dorsal surface of the scaphoid is narrower and shorter than 

the opposing volar surface.6 The proximal margin of the medial surface contains the 

articulation for the lunate as well as a roughened edge as the point of attachment for the 

scapholunate interosseous ligament.6 The long axis of the scaphoid is obliquely orientated 

in both the sagittal and coronal planes with the wrist in the neutral anatomic postion.6 

 

 
Figure 1-5: Bony Anatomy of the Scaphoid. Bony anatomy of the left scaphoid with important 
landmarks. (A) Medial View, (B) Dorsolateral View, (C) Distal Articular Surface, and (D) Proximal 
Articular Surface. 
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1.1.1.3.3 Lunate  

The lunate is characterized by its moon-shaped structure, larger volarly than dorsally 

(Fig. 1-6). The lunate is positioned in the center of the proximal row between the 

scaphoid, on the radial side, and the triquetrum, on the ulnar side.2 The lunate consists of 

four articular surfaces: proximal, distal, lateral and medial; and two non-articular sides: 

volar and dorsal.6 The distal biconcave articular surface of the lunate, houses the 

midcarpal condyle formed by the head of the capitate and the proximal pole of the 

hamate.6 For the majority of the population the distal region of the lunate forms two 

facets: a larger lateral facet for the capitate and a smaller more medial facet for the 

hamate.6 In some patients there is no articulation of the lunate with the hamate. Through 

its flat semilunar articular surfaces the lunate articulates laterally with the scaphoid and 

medially with the triquetrum.6  The roughened edges on the proximal margins of both the 

lateral and medial facets allow for the scapholunate and lunotriquetral interosseous 

ligaments to insert.6 The proximal biconvex articular surface of the lunate has a larger 

radius of curvature than that of the adjacent scaphoid.6 When the wrist is in the neutral 

anatomic position roughly two-thirds of the proximal region articulates with the distal 

radius while the remaining portion articulates with the triangular fibrocartilage, a 

structure that connects the distal radius and ulna.6 The non articular volar region of the 

lunate is roughened containing a large number of vascular foramina and is the site of 

attachment for numerous ligaments.6 The smaller, non articular dorsal region of the 

lunate is triangular and is the attachment site for important stabilizing ligaments.6 The 

volar and dorsal poles of the lunate are formed via the distal edge of the two non articular 

surfaces and have an important stabilizing role during wrist flexion and extension.6 
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Figure 1-6: Bony Anatomy of the Lunate. Bony anatomy of the left lunate with important landmarks. (A) 
Distal Articular Surfaces, (B) Proximal Articular Surfaces, (C) Medial View, and (D) Lateral View. 
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1.1.1.4 Metacarpals 

The metacarpals comprise five long cylindrical bones that make up the structure of the 

palm and hand (Fig. 1-7). Moving radially, the naming convention starts with the thumb 

termed the first metacarpal and the small finger the fifth metacarpal.2 Each metacarpal is 

composed of a proximal metaphysis, a diaphysis, and a distal metaphysis (Fig. 1-8).2 The 

proximal metaphyses of the metacarpal bones are cuboidal and articulate with one 

another via flat mediolateral facets.6 The concave proximal portion of each metacarpal 

articulates closely with the corresponding carpal(s) in the distal row of the wrist.2 

Whereas, the distal metaphysis of each metacarpal is convex and articulates with the base 

of the corresponding proximal phalange.2 The diaphysis of each metacarpal consists of 

four non articular surfaces: medial, lateral, volar and dorsal. The medial and lateral 

surfaces of the bone are concave acting as an attachment site for interosseous muscles, 

while the dorsal aspect of the bone is broad and flattened allowing for extensor tendon 

insertion.2 

 
Figure 1-7: Metacarpals. Volar view of the left hand showing the distal radius and ulna, the carpals, and 
the metacarpals. Moving radially the thumb is termed the first metacarpal (I) and the small finger is termed 
the fifth metacarpal (IV).  
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Figure 1-8: Bony anatomy of the 3rd Metacarpal. Bony anatomy of the left 3rd metacarpal with important 
landmarks. (A) Dorsal View, (B) Lateral View, (C) Distal Articular Surface, and (D) Proximal Articular 
Surface. 
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1.1.1.5 Phalanges 

The phalanges account for the remaining fourteen bones of the hand and make up the 

digits. With the exception of the thumb with only two, each digit is composed of three 

phalanges termed after their relative anatomic position: proximal, medial, and distal.2 

Like the metacarpals, each phalange is made up of a proximal metaphysis, a diaphysis, 

and a distal metaphysis.2 The proximal metaphysis of the phalange is oval with concave 

articular surfaces.2 The distal metaphyses are smaller than the proximal metaphyses with 

the end of the bone diverging into two condyles separated by a shallow groove.2 Tapering 

downwards the diaphysis of each phalange is concave on the volar surface and convex on 

the dorsal surface.2 The dorsal and volar surfaces of the diaphysis are rough allowing for 

the attachment of the flexor tendons.   
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1.1.2 Joints 

 

The bones of the hand and wrist articulate with one another, each with different, but 

interdependent kinematic behaviors.6 The synovial joints within the wrist include the: 

distal radioulnar joint (DRUJ), radiocarpal joint, midcarpal joint, pisotriquetral joint, 

trapeziometacarpal joint, and the carpometacarpal joints (Fig. 1-9). Articular cartilage, 

composed of hyaline cartilage, covers the joint surface of the fifteen bones that link the 

hand to the distal forearm including: the distal radius and ulna, the eight carpals, and the 

five proximal metacarpals.1 Articular cartilage provides flexibility, support, and smooth 

surfaces allowing joints to track efficiently.1  

 

1.1.2.1 Distal Radioulnar Joint 

The DRUJ is an L-shaped cavity formed by two separate articulations: vertically, 

between the distal ulna and the sigmoid notch of the radius and horizontally, between the 

ulnar dome and the proximal aspect of the articular disc (Fig. 1-9).6 The articular disc is a 

semicircular fibrocartilaginous structure filling the joint space between the distal aspect 

of the ulna to the proximal carpal bones.6 DRUJ stability is maintained via the dorsal and 

volar radioulnar ligaments.6 In contrast, in order for the forearm to pronate and supinate 

the dorsal and volar DRUJ capsule are lax.6 
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1.1.2.2 Radiocarpal Joint 

The radiocarpal joint is the articulation formed between the proximal carpal row and the 

distal articulating surface of the radius with the triangular fibrocartilage complex (Fig.1-

9).7 The proximal articulating surface of the scaphoid has a larger radius of curvature 

than the lunate, shown by the differences in curvature on the distal articulating surface of 

the radius.7 The proximal articular aspect of the triquetrum is relatively flat and does not 

articulate with another bone rather rests against the triangular fibrocartilage 

complex.7The radiocarpal joint is anatomically isolated from communicating with the 

DRUJ and midcarpal joint due to the interosseous ligaments of the proximal carpal row 

and the triangular fibrocartilage complex.7 

 

1.1.2.3 Midcarpal Joint 

The midcarpal joint is the articulation between the proximal and distal carpal rows (Fig. 

1-9).7 The midcarpal joint is formed through three different components: laterally, the 

convex aspect of the distal scaphoid articulates with the concavity formed by the 

trapezium, trapezoid, and lateral aspect of the head of the capitate; centrally, the convex 

aspect of the capitate and proximal pole of the hamate articulates with the concavity of 

the scaphoid and lunate; and medially, the convex proximal aspect of the hamate 

articulates with the concavity on the distal triquetrum.6 The majority of the stabilizing 

ligaments of the midcarpal joint insert laterally and volarly onto the carpus, leaving the 

dorsal capsule hypermobile.6  

 

1.1.2.4 Pisotriquetral Joint 

The pisotriquetral joint is the large synovial cavity formed within the space of the flexor 

carpi ulnaris tendon and the volar aspect of the ulnocarpal ligamentous complex.6As the 

joint capsule has no secondary stabilizing ligaments it is lax allowing the pisiform to be 

relatively mobile throughout wrist flexion and extension.6 
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1.1.2.5 Trapeziometacarpal Joint 

The trapeziometacarpal joint is the articulation of distal aspect of the trapezium and the 

proximal base of the first metacarpal (Fig. 1-9). This reciprocal joint is formed through 

the two saddle-shaped articular surfaces, the distal concavity articulating with the 

proximal convexity and vice versa.6 This relatively loose joint capsule is constrained by 

four capsular reinforcing ligaments inserted onto the medial and volar aspects of the first 

metacarpal.6  

 

1.1.2.6 Carpometacarpal Joint 

The carpometacarpal joints are formed via the tight ligamentous complex, inserted onto 

the dorsal and volar aspects of the carpus, linking the base of second to fifth metacarpal 

with the corresponding bone in the distal carpal row (Fig. 1-9).6 The carpometacarpal 

joint cavities extend distally to the intermetacarpal facets.6 
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Figure 1-9: Joints of the Wrist. Volar view of the left hand illustrating the articulation between the eight 
carpal bones with the distal radius, distal ulna, metacarpals, and each other. Carpal bones shown: scaphoid 
(S), lunate (L), triquetrum (TQ), pisiform (P), trapezium (TP), trapezoid (TZ), capitate (C), and hamate (H). 
Metacarpals and phalanges shown: moving radially the thumb (I) to the small finger (IV). The arrows 
indicate the different joints within the hand: (A) distal radial-ulnar joint, (B) radiocarpal joint, (C) 
midcarpal joint, (D) trapeziometacarpal joint, and (E) carpometacarpal joint. The radial styloid process and 
ulnar styloid are also highlighted. 
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1.1.3 Ligamentous Anatomy 

 

Ligaments are bundles of fibrous connective tissues which act to bind bone to bone 

across and articulation providing joint stability.8 The wrist joint is surrounded by a 

complex configuration of ligaments connecting the bones both dorsally and volarly in 

order to provide carpal stability (Fig. 1-10,1-11, 1-12).8 The ligaments of the wrist are 

categorized into two categories: intrinsic and extrinsic ligaments. Intrinsic carpal 

ligaments originate and insert only onto carpal bones, providing a rigid framework for the 

wrist joint.8 Whereas, extrinsic ligaments bridge carpal bones to the metacarpals or the 

distal radius.8 The principle name of each ligament typically stems with the bone of 

origin as the prefix and the bone of insertion as the suffix. In addition to being grouped 

into the two aforementioned categories the ligaments of the hand and wrist are also 

classified into groups by their location within the carpus and their organization within the 

joint capsule.6 The sub grouping of ligaments include: radiocarpal, ulnocarpal, distal 

radioulnar, intercarpal, and carpometacarpal ligaments. Only the specific ligaments of 

interest for this thesis will be discussed in detail. 

 

1.1.3.1 Radiocarpal Ligaments 

There are four extrinsic volar radiocarpal ligaments originating from the distal lateral rim 

of the radial styloid and coursing ulnarly and distally onto the adjacent carpals: 

radioscaphocapitate (RSC), long radiolunate (LRL), short radiolunate (SRL) and 

radioscapholunate (RSL) (Fig. 1-10).9 These ligaments work to bridge the link between 

the distal radius and proximal carpal row providing joint stability during functional wrist 

extension. On the dorsal surface there is the dorsal radiocarpal (DRC) ligament 

originating from the dorsal rim of the distal radius and attaches onto the proximal 

tubercle of the triquetrum.8 The DRC provides the wrist joint lateral support during 

flexion.  
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1.1.3.1.1 Radioscaphocapitate Ligament 

The RSC ligament is the radial most positioned of the volar radiocarpal ligaments, 

attaching proximally to the radial styloid process as well as the radial region of the volar 

margin on the distal radius (Fig. 1-10).6 In part, the RSC ligament aids in the formation of 

both the volar floor and radial wall of the radiocarpal joint capsule.6 Moving distally from 

the radius the RSC ligament courses ulnarly towards the scaphoid, first inserting onto the 

lateral aspect of the waist. The second insertion point of the RSC ligament on the 

scaphoid is from the radial aspect of the waist and volarly, throughout the region of the 

margin of the proximal pole.6 The remaining portion of the ligament continues ulnarly 

and distally passing the the volar and proximal aspects of the scaphocapitate (SC) joint 

space and attached on the volar aspect of the head of the capitate.6 The distalmost fibers 

of the RSC ligament integrate with the SC ligament to insert onto the volar surface of the 

waist of the capitate.6  

 

1.1.3.1.2 Long Radiolunate Ligament 

The LRL ligament originates along the volar margin of the distal radius and spans the 

majority of the length of the scaphoid fossa (Fig. 1-10, 1-12).6 The most radial and 

superficial fibers of the LRL ligament overlap with the ulnar and superficial fibers of the 

RSC ligament forming a continuous capsule.6 At the joint surface there is a deep 

longitudinal division between the RSC and LRL, defined as the interligamentous sulcus, 

which extends the length of the ligaments and allows for arthroscopic identification. The 

LRL ligament then passes volar to the proximal pole of the scaphoid with no considerable 

attachment but the synovial lining surrounding the proximal pole and joint surface.6 

Moving ulnarly, the LRL ligament passes volarly over the volar portion of the 

scapholunate (SL) ligament.6 The LRL ligament then concludes by inserting into the 

radial aspect on the the volar surface of the lunate.6  
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1.1.3.1.3 Short Radiolunate Ligament 

The SRL ligament originates along the volar rim of the distal radius, proximal to the 

articular surface of the lunate fossa (Fig. 1-10, 1-12).6 Forming the floor of the 

radiolunate joint space, the SRL ligament moves distally and insert into the lunate at the 

junction of the proximal articular surface and the nonarticular volar pole.6 As the lunate 

dorsiflexes the fibers in the SRL ligament become relatively collinear in a tightly packed 

horizontal orientation.6 When the lunate extends, the SRL fibers delaminate leaving the 

proximal fibers orientated vertically and the the distal fibers orientated obliquely.6 The 

SRL ligament is thought to be one of the primary stabilizers of the lunate.  

 

1.1.3.1.4 Dorsal Radiocarpal Ligament  

The DRC ligament originates along the dorsal rim of the distal radius, commencing just 

radial to Lister’s tubercle and spans ulnarly to the origin of the dorsal portion of the 

dorsal radioulnar (DRU) ligament.6 The deep fibers of the DRC ligament attach to the 

dorsal pole of the lunate and the more superficial fibers attach to the dorsal surface of the 

triquetrum.6 There are no organized capsular ligaments between the proximal-ulnar 

margins of the DRC ligament and the distal margin of the DRU ligament.6 Rather, the 

joint capsule consists of synovial and fibrous lamina while remaining relatively 

compliant allowing functional flexion of the radiocarpal joint.6 Likewise, there are no 

ligaments between the distal-radial margins of the DRC and the proximal margin of the 

DIC producing a compliant bilaminar joint capsule which accommodates for midcarpal 

joint flexion.6 
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1.1.3.2 Ulnocarpal Ligaments 

The extrinsic ulnocarpal ligaments originate from the volar radioulnar ligament, forming 

the volar extent of the triangular fibrocartilage complex (TFCC).6 There are three 

ulnocarpal ligaments including the ulnolunate (UL), ulnotriquetral (UT), and ulnocapitate 

(UC) with few distinguishable characteristics other than the individual points of origin 

and insertion (Fig. 1-10).6 The grouping of ulnocarpal ligaments form the volar and ulnar 

walls of the ulnar region of the radiocarpal joint space, providing medial support to the 

joint during extension.6  

 

1.1.3.3 Distal Radioulnar Ligaments 

The role of the distal radioulnar ligaments is to maintain congruity between the ulnar 

head and sigmoid notch providing dynamic stability to the distal radioulnar joint (DRUJ) 

throughout forearm rotation.10 The distal volar radioulnar ligament originates on the 

anterior surface of the ulnar notch of the radius and courses to insert onto the anterior 

head on the ulna (Fig. 1-11).6 The origin of the distal dorsal radioulnar ligament is on the 

dorsal surface of the ulnar notch of the radius and courses to insert onto the dorsal margin 

of the ulnar head.6 

 

1.1.3.4 Intercarpal Ligaments 

The intrinsic intercarpal ligaments of the wrist maintain the congruity between bones and 

play a critical role in stabilizing the carpus during movements of the hand (Fig. 1-10).6 

The rigid attachment between carpal bones allow limited movement between bones. The 

intercarpal ligaments include: scaphotrapezium-trapezoid (STT), scapholunate (SL), 

scaphocapitate (SC), lunotriquetral, triquetrocapitate, ulnotriquetral, trapeziotrapezoid, 

capitotrapezoid, capitohamate, dorsal intercarpal, triquetrohamate, triquetrocapitate, and 

pisohamate. 
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1.1.3.4.1 Scaphotrapezium-Trapezoid Ligament 

The origin of the STT ligament is distal to the attachment site of the RSC ligament on the 

lateral cortex of the distal pole of the scaphoid (Fig. 1-10).6 Moving distally the STT 

diverges to form two distinct bands, the scaphotrapezoid and the scaphotrapezium 

ligaments.6 Forming the dorsolateral STT joint capsule, both bands course distally 

attaching to the dorsal cortical surfaces of the trapezoid and trapezium.6 Before attaching 

to the respective bones the fibers from each ligament interdigitate with surrounding 

ligaments attaching in the same region, with no clear divisions between them. Forming 

the volar STT joint capsule, the fibers of the STT ligament appear as a flat sheet of 

longitudinally oriented fibers.6 

 

1.1.3.4.2 Scaphocapitate Ligament 

The SC ligament is a large capsular ligament originating at the distal pole of the scaphoid 

(Fig. 1-10).6 The origin of the SC ligament is directly adjacent with the origin of the STT 

ligament and the course of the SC ligament is just distal to the course of the RSC 

ligament.6 The SC ligament moves distally and ulnarly towards the body of the capitate, 

inserting onto the radial portion of the volar surface.6  
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1.1.3.4.3 Scapholunate Interosseous Ligament  

The scapholunate (SL) interosseous ligament is uniquely “C” shaped and spans the 

interval between the dorsal, volar and proximal edges of the scapholunate (SL) joint 

surface (Fig. 1-12).6 This arrangement allows the distal portion of the SL joint surface to 

be directly exposed to the midcarpal joint space whereas the proximal interosseous 

component of the SL ligament isolates the surfaces from the radiocarpal joint.6 The three 

sub-regions of the SL ligament each have different material and anatomic properties.11 

The dorsal component of the SL ligament is the most critical stabilizer of the SL joint 

acting as the primary restraint to distraction as well as torsional and translational 

moments.11 It is a true ligament characterized by it’s thick transversely oriented collagen 

fibers.11 The volar component of the SL ligament, although considerably thinner than the 

dorsal component, plays a role in the rotational stability of the SL joint.11 The proximal 

or membranous component of the SL ligament provides little restraint to abnormal carpal 

motion as it is histologically defined as a fibrocartilaginous structure.11   

 

1.1.3.5 Carpometacarpal Ligaments 

The carpometacarpal ligaments are responsible for binding the distal carpal row to the 

proximal metacarpals on both the volar and dorsal side of the hand in order to maintain 

the congruency of the carpometacarpal articulation. 
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Figure 1-10: Volar Ligaments of the Wrist. Schematic of the volar ligaments of the right hand. 
(Reprinted with permission from Wolters Kluwer: The Wrist: Diagnosis and Operative Treatment).6 

 

 
Figure 1-11: Dorsal Ligaments of the Wrist. Schematic of the dorsal ligaments of the right hand 
including the dorsal radiocarpal and dorsal intercarpal ligaments (Reprinted with permission from Wolters 
Kluwer: The Wrist: Diagnosis and Operative Treatment).6 
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Figure 1-12: Scapholunate Interosseous Ligament. Volar view of the right scapholunate ligament 
highlighting the dorsal, proximal, and volar aspects of the ligament. The short and long radiolunate 
ligaments are also shown (Reprinted with permission from The Journal of Bone & Joint Surgery: 
Scapholunate Ligament Reconstruction).12 
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1.1.4 Musculature 

 

The essential function of muscle is the ability to contract making it possible to produce 

joint motion. Muscles of the human body are classified as one of three types of tissue: 

smooth, cardiac, or skeletal. Skeletal muscle fibers are tubular, multinucleated, striated 

and unlike smooth and cardiac muscle contract voluntarily under nerve control.13 Skeletal 

muscles are attached to the skeleton via fibrous connective tissues known as tendons.14 

The fibers within the muscle generate tension across a joint by contracting, shortening in 

length, and producing a moment arm in order to manipulate the position of the joint.14 

The magnitude of force is dependent on the size, type, and insertion point from the joint 

center of the muscle. As skeletal muscles contract the bone of origin remains stationary 

while the bone of insertion is manipulated.14 Tendons do not actively change length as 

the muscle contracts however may undergo slight alterations due to their viscoelastic 

nature. 

The majority of the time a single muscle is not solely accountable for joint motion, rather 

a group of synergistic muscles aid in the motion with the muscle applying the greatest 

load being termed the primary mover.14 Additionally, as muscles contract they typically 

have antagonists pairs which bring about joint motion in opposite direction.14  

Motion of the wrist is primarily achieved via six muscles: the flexor carpi radialis (FCU), 

flexor carpi ulnaris (FCU), abductor pollicis longus (APL),extensor carpi radialis brevis 

(ECRB), extensor carpi radialis longus (ECRL), and extensor carpi ulnaris (ECU) (Fig. 1-

13).6 The wrist flexors are found in the volar component of the forearm and the extensors 

in the dorsal component. Wrist rotation is primarily controlled via two muscles, the 

biceps brachii and the pronator quadratus (PQ).14 
 

 

 

 



   

 

28 

 

 
 
 
Figure 1-13: Muscles of the Wrist. The muscles of the anterior (volar compartment) and posterior (dorsal 
compartment) forearm.15  
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1.1.4.1 Volar Compartment  

The volar compartment of the forearm contains the FCU, FCR and APL muscles (Fig. 1-

13). These superficial muscles work synergistically to assist in flexion as well as ulnar 

and radial deviation of the wrist joint.  

Flexor Carpi Ulnaris  

The FCU originates at the medial epicondyle of the humerus and inserts onto the dorsal 

surfaces of the pisiform, hamate and proximal end of the fifth metacarpal.2 The FCU is 

the primary wrist flexor and acts synergistically during ulnar deviation. 

Flexor Carpi Radials 

The FCR originates at the medial epicondyle of the humerus and inserts onto the base of 

the second and third metacarpals.2 The FCR is a synergistic muscle aiding in both wrist 

flexion and radial deviation.6 

Abductor Pollicis Longus  

Unlike the other two wrist flexors the APL originates at the dorsal aspect of the radius 

and ulna and insets onto the dorsal surface of the trapezium and the base of the first 

metacarpal.2 The APL is the primary wrist abductor and extends the thumb.  
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1.1.4.2 Dorsal Compartment  

The dorsal compartment of the forearm contains the ECRB, ECRL, and ECU muscles 

which assist in extension, adduction and abduction of the wrist (Fig. 1-13). The wrist 

extensors are antagonistic to the flexors.  

Extensor Carpi Radialis Brevis 

The ECRB originates at the lateral epicondyle of the humerus and inserts onto the base of 

the third metacarpal, opposing the FCR.2 The ECRB is a synergistic muscle aiding in 

both wrist extension and abduction in addition to stabilizing the wrist during finger 

flexion. 

Extensor Carpi Radialis Longus 

The ECRL originates at the lateral epicondyle of the humerus and inserts onto the base of 

the second metacarpal, also opposing the FCR.2 The ECRL is a synergistic muscle 

assisting in functional wrist extension and abduction.  

Extensor Carpi Ulnaris 

The ECU originates at the lateral epicondyle of the humerus and inserts onto the dorsal 

base of the fifth metacarpal, opposing the FCU which inserts onto the volar base. The 

ECU is the primary muscle utilized in wrist extension and abduction.  
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1.1.4.3 Forearm Rotators 

Wrist rotation is controlled by four major muscles in the forearm. The biceps brachii and 

supinator are the primary supinator muscles and the pronator teres (PT) and pronator 

quadratus PQ are the primary pronator muscles of the forearm (Fig. 1-13).  

Biceps Brachii 

The biceps brachii is formed via two proximal heads that originate from the supraglenoid 

tubercle and the coracoid process of the scapula and converges to a single head that 

inserts onto the radial tuberosity of the distal forearm.2 The biceps brachii is the primary 

muscle utilized in forearm supination and is synergistic during elbow flexion.  

Supinator 

The supinator originates on the lateral epicondyle of the humerus and the proximal ulna 

and inserts mid shaft onto the lateral radius.2 The supinator muscle works synergistically 

with the biceps brachii assisting in forearm supination.  

Pronator Teres 

The PT originates from the medial epicondyle of the humerus and the proximal ulna and 

inserts mid shaft onto the lateral aspect of the radius.2 It is a pronator of the forearm. 

Pronator Quadratus 

The PQ originates on the anteromedial surface of the ulna and inserts onto distal 

anterolateral surface of the radius.2 The PQ works synergistically with the PT assisting in 

forearm pronation and elbow flexion. 
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1.2 Wrist Kinematics 

 

1.2.1 Range of Motion 

The wrist is a hypermobile joint capable of multi-planar motions including flexion-

extension, radial-ulnar deviation, pronation supination, and in combination circumduction 

(Fig. 1-14, 1-15, 1-16). In order to accurately describe the complex movements of the 

wrist it is necessary to understand the anatomical neutral position in which these motions 

are defined. The neutral position of the wrist relative to the radius is defined as the long 

axis of the third metacarpal parallel to the long axis of the radius.16 Neutral forearm 

rotation is defined as the position of the radius relative to the ulna with the elbow at 90 

degrees of flexion and the thumb point to the shoulder.16 Range of motion depends on 

several factors included but not limited to gender, age, injury, or disease.  
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1.2.1.1 Flexion-Extension Motion 

Planar wrist flexion-extension motion (FEM) occurs around the sagittal axis of the hand 

(Fig. 1-14).17 The wrist joint can typically reach anywhere from 65 to 90 degrees of 

flexion and 55 to 75 degrees of extension, demonstrating a 160 degree motion arc.1,17 The 

total range of planar wrist FEM is a result of the combination of motion between the 

radiocarpal and midcarpal joints.18 Wrist FEM is limited by the dorsal radiocarpal 

ligaments during wrist flexion and a combination of the volar ligaments and dorsal aspect 

of the radius during extension.6 

 
Figure 1-14: Range of Wrist Motion: Flexion-Extension. Motion of the wrist joint in flexion (left) and 
extension (right). 
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1.2.1.2 Radial-ulnar Deviation  

Planar wrist radial-ulnar deviation (RUD) occurs around the medial-lateral axis of the 

wrist (Fig. 1-15).17 On average the wrist has a 60 degree range of motion, deviating 

radially between 15 and 25 degrees and ulnarly between 30 and 45 degrees.1,17 RUD 

motion is limited through carpal interaction with the radial styloid and the tightening of 

the ulnar collateral ligaments in radial deviation and the tightening of the radial collateral 

ligaments in ulnar deviation.6  

 
Figure 1-15: Range of Wrist Motion: Radial-Ulnar Deviation. Motion of the wrist joint in radial 
deviation (left) and ulnar deviation (right). 
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1.2.1.3 Pronation Supination  

Pronation supination motion largely occurs at the proximal and distal radioulnar joints of 

the forearm (Fig. 1-16).1 On average the wrist and forearm can exhibit 150 degrees of 

motion, pronating anywhere between 60 and 80 degrees and supinating between 60 to 85 

degrees.1 The pronation supination axis lies obliquely through the center of the humeral 

capitulum and the midpoint of the ulnar head.1 The radioulnar ligaments at the DRUJ are 

the principal constraint to wrist supination while wrist pronation is limited by the 

crossing of the radial and ulnar shafts.19 

 
Figure 1-16: Range of Wrist Motion: Pronation-Supination. Motion of the forearm in pronation (left) 
and supination (right).  

 

 

 

 

 

 

 

 



   

 

36 

 

1.3 Clinical Disorders of the Wrist 

 

The wrist joint bears considerable load during daily activities leaving it vulnerable to 

injury. In the native state, the intricate balance of joint geometry and tendon forces across 

the wrist prevents the ligaments and capsular structures from carrying excessive loads.6 

Any disruption to this balance, as a result of an injury or disease, may result in abnormal 

force transmission and altered kinematics across the wrist joint.6 As a result, the joint 

often becomes unstable due to the progressive stretching of the surrounding capsule and 

stabilizing ligaments.6  

Wrist pain is one of the most common complaints heard by clinicians. Often times the 

principal cause of pain is obvious but a complete examination is necessary in order to 

diagnose the critical underlying pathologies.20 Wrist pain may occur as a result of injury, 

either repetitive stress or sudden impact, or as a result of a degenerative disease. A 

comprehensive understanding of the intricate anatomy and kinematics of the hand is 

necessary in order to effectively diagnose and treat injuries of the wrist. 
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1.3.1 Fractures 

 

Wrist fractures are one of the most common injuries occurring to the skeletal system and 

account for a large portion of wrist pain complaints. There is a wide variety of fracture 

patterns depending on the mechanism of injury. Fractures at the distal radius and ulna are 

the most common, accounting for 44 percent of wrist fractures, while individual carpal 

fractures account for only 14 percent.21 Fractures of the distal forearm commonly occur 

as a result of axial loading on the outstretched hand and extended wrist, generally termed 

a Colles’ Fracture.6,21 Often times fractures of the distal forearm result in malunion and 

misalignment of the adjacent carpal bones leading to further degenerative changes within 

the joint.22 These injuries may increase the laxity of the wrist joint thereby influencing 

the individual carpal kinematics and the overall range of motion of the wrist. Scaphoid 

fractures are the most common carpal fracture, representing 60 to 70 percent of all carpal 

bone fractures (Fig. 1-17).21 Fractures of the scaphoid commonly occur at the anatomic 

waist due to compression tension loads, torsional stress, or rotational forces.21  As the 

scaphoid plays a large role in linking the proximal and distal carpal rows, upon fracture 

the integrity of the scaphoid is lost generating an imbalance leaving the wrist joint 

unstable.21 There is no single treatment available for all forms of wrist fractures but rather 

depends on the severity and type of injury presented as well as the patient’s age and 

activity level. Some common treatment techniques include but are not limited to: 

splinting, casting, pin fixation, external fixation, and open reduction and internal 

fixation.6,23,24  
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Figure 1-17: Scaphoid Fracture. Anteroposterior view of a common fracture at the anatomical waist of 
the scaphoid (Reprinted with Permission from AFP: Diagnosis and Management of Scaphoid Fractures).25  
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1.3.2 Carpal Instability 

 

Carpal instability is another major cause of wrist pain. Carpal instability is defined as the 

wrist joint’s inability to transfer loads without subsequent changes in stress on the 

surrounding ligaments and articular cartilage, and the inability to maintain a functional 

range of motion without changes in intercarpal alignment.6 Instability generally occurs 

due to ligament disruption, articular cartilage damage, or as a sequelae of a carpal 

fracture.26 The most common cause of carpal instability is injury to the scapholunate 

ligament within the proximal row (Fig. 1-18).6,11 The proximal carpal row is considered 

an intercalated segment with no direct control mechanisms attached to it, causing its 

motion to be entirely dependent on the mechanical signals of the surrounding 

articulations and vascular elements.11 Isolated injury to the SL ligament, although 

insufficient to cause abnormal carpal alignment, is often a precursor to abnormal joint 

kinematics, cartilage wear, and further degenerative changes.11 SL instabilities are 

typically initiated through a fall on an outstretched hand, resulting in a partial tear or 

attenuation of the SL ligament.11 If not managed a partial SL tear may lead to a complete 

tear eventually causing SL dissociation, a dorsal intercalated segmental instability (DISI), 

or a pattern of wrist arthritis termed scapholunate advanced collapse (SLAC).11 Currently 

there is no gold standard in the management of carpal instabilities but rather the treatment 

strategy is tailored to the stage and degree of injury present. Some typical treatment 

options include: splinting, casting, arthroscopic debridement, reduction, pinning, direct 

repair with or without dorsal capsulodesis, and arthrodesis.6,11,27 
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Figure 1-18: Carpal Instability. Radiographic evidence of scapholunate instability: (A) Anteroposterior 
view of the scaphoid abnormally flexed, (B) full flexion with abnormal scaphoid subluxation, and (C) ulnar 
deviation shows characteristic gapping of the scapholunate interval (Reprinted with Permission from The 
Journal of Hand Surgery: Scapholunate Instability Current Concepts in Diagnosis and Management).28  
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1.3.3 Arthritis 

 

Arthritis may occur with age or as a result of a previous injury and can cause the healthy 

articular cartilage to erode triggering painful bone on bone contact (Fig. 1-19). The most 

common types of arthritis to affect the hand and wrist are osteoarthritis, rheumatoid 

arthritis, and post-traumatic arthritis.6,29 Osteoarthritis is a degenerative disease, most 

commonly affecting the elderly, which causes cartilage deterioration, pain  and joint 

stiffness.29 Rheumatoid arthritis is an autoimmune disease causing chronic inflammation, 

pain, stiffness, and swelling of multiple joints. This disease commonly affects the 

radioulnar articulation causing damage to the articular cartilage, bone, and surrounding 

tendons and ligaments.29 Post-traumatic arthritis occurs following injury to the wrist, 

such as a fracture or torn ligament. It can either effect the articular cartilage directly or 

cause a delayed onset of cartilage loss.29 There is currently no cure for arthritis, but 

depending on the severity of the disease there are numerous non-surgical and surgical 

treatment strategies including: steroid injections, anti-inflammatory medications, 

proximal row carpectomy, carpal fusion, and total wrist arthroplasty.6,29  

 
Figure 1-19: Rheumatoid Arthritis in the Wrist. Advanced rheumatoid arthritis within the wrist joint 
causing carpal bone malalignment and collapse (Reprinted with Permission from AAOS: Arthritis of the 
Wrist).29  
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1.4 Biomechanical Analyses 

 

1.4.1 Wrist Motion Simulation 

The wrist is a complex joint consisting of multiple intricate articulations that work 

together in in producing a functional range of motion. Loss or limited range of motion at 

the wrist joint is a direct result of tissue damage occurring due to a degenerative disease, 

such as arthritis, or an injury, such as a fracture or ligament tear. In order to examine 

wrist joint mechanics, it is first necessary to understand the normal kinematics of the 

carpal bones. This knowledge is critical when considering surgical procedures, designing 

prosthetic devices, and in investigating the various different pathologies of the wrist joint.  

Surgical repair techniques of the wrist are often tested and validated using in vitro 

cadaveric models. A variety of different in vitro testing devices and simulators have been 

developed in order to investigate the kinematics of the wrist joint and can be classified as 

passive or active motion simulators. Both testing methods have associated strengths and 

limitations that determine the validity of the results and whether they will be an optimal 

pre-clinical testing strategy. 

 

 

 

 

 

 

 



   

 

43 

 

1.4.1.1 Passive Motion Simulators 

Wrist joint kinematics can be simulated via passive motion through the use of external 

forces, either from an investigator or a mechanical apparatus, influencing the position of 

the hand relative to the position of the forearm. External forces may incorrectly simulate 

joint motion if the true line of action of the muscle is not reproduced generating joint 

laxity. Passive motion simulators that incorporate muscle tone loads provide more 

clinically relevant results, however these are still subject to errors in the magnitude of 

load added. Human manipulation of a specimen could potentially result in varied 

movements and also introduce externally applied forces and moments, thereby affecting 

the quality of the results.     
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Nishiwaki et al. developed a wrist simulator capable to reproducing planar wrist motions 

both passively and forearm rotation actively. Upper limb cadaveric forearms were 

amputated mid-humerus and fixated to the base of the simulator. Pneumatic actuators 

maintained a minimum tone load on the ECU, ECRL, FCU, PT, and bicep brachii muscle 

groups (Fig. 1-20).30 Optical trackers were inserted into the radius, ulna, third metacarpal, 

scaphoid, and lunate. Passive motion was simulated by the investigator moving the 

Steinmann pin, inserted into the third metacarpal, through the simulator’s passive motion 

arc.30 Active forearm pronation and supination was simulated by connecting the biceps 

brachii and PT sutures to either a servomotor, the primary mover, or a pneumatic 

actuator, the synergistic muscle mover.30 

 
Figure 1-20: Nishiwaki’s Motion Wrist Simulator. Wrist motion simulator developed by Nishiwaki et al. 
to test the effect of dorsal angulation deformities on DRUJ kinematics (Reprinted with Permission from 
The Journal of Hand Surgery: Effect of Volarly Angulated Distal Radius Fractures on Forearm Rotation 
and Distal Radioulnar Joint Kinematics).30 
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1.4.1.2 Active Motion Simulators  

Active motion simulators recreate motion by applying force directly to the muscle tendon 

of interest in order to produce joint position. Force-position algorithms are designed 

using antagonistic relationships between opposing muscles in order to effectively 

reproduce an in vivo loading scenarios. The primary mover muscle group, for the desired 

action, is position controlled to maintain a continuous angular velocity while the 

antagonistic muscle group holds a desired tone load. In order to reverse the direction of 

motion, the force-position algorithm interchanges the two muscle groups. The muscle 

group that was previously position controlled now maintains a constant load and the 

opposing muscle group is used to manipulate the position of the joint.  
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Dunning et al. simulated active motion on cadaveric specimens using a custom controlled 

loading apparatus. A manifold of pneumatic actuators delivered computer controlled 

forces to the nine muscles of interest generating finger and wrist motions (Fig. 1-21).24 

Specimens were amputated mid humerus and mounted to the simulator with the elbow at 

90 degrees of flexion. Cables were sutured at the musculotendinous junction and attached 

to the pneumatic actuators, electromagnetic receivers (Flock of Birds, Ascension 

Technologies, Burlington, VT) were used to track the relative motion of unstable extra-

articular distal radial fractures.24 Although this method of actuation does model in vivo 

loading scenarios, it is an open loop control system with no positional feedback from the 

trackers making it less repeatable. Prior to testing the loading apparatus must be 

extensively tuned with respect to the tendon forces necessary to perform the desired 

motion, leaving it susceptible to variations in inter-specimen loading conditions.  

 

 
Figure 1-21: Dunning’s Active Motion Wrist Simulator. Active wrist motion simulator developed by 
Dunning et al. to test the stability of external fixation used in the treatment of distal radius fractures 
(Reprinted with Permission from The Journal of Hand Surgery: Supplemental Pinning Improves the 
Stability of External Fixation in Distal Radius Fractures during Simulated Finger and Forearm Rotation).24 
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Werner et al. developed the first reported active motion wrist simulator capable of 

producing repeatable planar and non planar wrist motions (Fig. 1-22).31 The simulator is 

described as a multichannel servohydraulic system which attached to the six major wrist 

flexors and extensors: ECU, ECRL, ECRB, FCU, FCR, and APL. The system utilized 

electromagnetic spatial trackers to record the position of the ulna, third metacarpal, and 

lunate with real time feedback to control the desired motion path of the wrist.31 The 

cadaveric specimens were amputated distal to the elbow and cemented into the base of 

the simulator. All soft tissue structures with the exception of the tendons and ligaments of 

interest were excised. 31 More recent simulators have used optical tracking for recording 

spatial position as it allows surgical procedures using ferromagnetic metals to be 

evaluated without the risk of interference.  

 
Figure 1-22: Werner’s Active Motion Wrist Simulator. Active wrist simulator developed by Werner et 
at. capable of producing repeatable planar and non-planar motion paths (Reprinted with Permission from 
The Journal of Orthopaedic Research: Wrist Joint Motion Simulator).31  
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Recently Iglesias et al. developed a wrist motion simulator capable of performing both 

passive and active in vitro motion in multiple gravity loaded positions (Fig. 1-23). The 

simulator used a manifold of seven electric servomotors connected via cables to the 

musculotendinous junction of: the ECU, ECRL, ECRB, FCU, FCR, PT, and biceps 

brachii.32 Each servomotor was instrumented with a strain gauge in order to provide 

muscle force feedback throughout testing. The simulator was capable of maintaining 

target tendon tone loads effectively producing repeatable active wrist motion.32 The 

simulator was able to replicate active wrist flexion-extension as well as forearm rotation. 

The system utilized optical tracking methods to record the position of the radius, ulna, 

and third metacarpal to provide real time feedback to the system. A minimum tone load 

of 8.9 Newtons was used to produce the desired wrist motion pathways.32 

 

 
Figure 1-23: Iglesias’ Active Motion Wrist Simulator. Active motion wrist simulator developed by 
Iglesias et al. highlighting the different gravity loaded positions (Reprinted with Permission from Iglesias 
et al.: Development of an in-vitro passive and active motion Simulator for the investigation of wrist 
function and Kinematics).32 
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1.5 Thesis Rationale 

As previously noted, the wrist is comprised of numerous bones with multiple articular 

surfaces, ligaments, tendons and neurovascular bundles with intimate interactions. 

Normal wrist kinematics are dependent on the intricate interplay between the loading 

applied and the carpal bone morphology and ligamentous constraints of the joint. The 

kinematics of the wrist joint have been studied extensively both in vitro and in vivo, yet 

there remains no consensus regarding individual carpal kinematics and their respective 

contributions to total wrist motion. The resulting discrepancies in data have led to 

numerous theories depicting normal carpal kinematics occurring within the wrist joint 

including: row, column, intercalated segment, and oval ring concepts.33–36 A more 

comprehensive understanding of normal and abnormal carpal kinematics is necessary in 

order to effectively diagnose and treat the subtle injuries of the hand and wrist.  

Ligamentous injuries are one of the most common sources of wrist pain and discomfort. 

The ligaments of the wrist are typically injured following trauma to the hand or wrist 

with the most frequently injured intercarpal ligament being the scapholunate (SL). 11,37–39 

The SL ligament plays a critical role in preserving wrist joint stability joining the 

scaphoid and lunate allowing them to move synergistically throughout wrist motion.38 

Damage to the SL ligament and surrounding articular joint space often causes carpal 

instability, causing the scaphoid and lunate to rotate and dissociate from their native 

alignment.38 The SL ligament is considered the primary stabilizer of the SL joint, but is 

surrounded by a complex configuration of secondary stabilizers, each playing a role in 

the maintenance of normal SL kinematics.11 Following SL ligament injury, the secondary 

stabilizers are often vulnerable to secondary attenuation.11 Although the ligamentous 

anatomy of the wrist is well documented, the functional and stabilizing role of these 

secondary restraints remains unclear. Clinically, the void of information regarding the 

stabilizing role of each of these ligaments results in confusion as to which structures 

should be repaired following injury. As the etiology of SL instability remains unknown, 

treatment recommendations vary and often result in poor clinical outcomes for patients. 
40–49 
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As injuries arising in the wrist often manifest as alterations in intercarpal motion, a better 

understanding of individual carpal kinematics and the ligamentous stabilizers, will allow 

for improved examination of the wrist joint under normal and pathological conditions and 

lead to advances in techniques and the outcome of partial wrist fusions, ligament 

reconstructions, and prosthetic devices.  
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1.6 Objectives and Hypotheses 

 

1.6.1 Specific Objectives 

The objectives of this thesis are as follows: 

1. To determine the normal kinematics of the capitate, scaphoid, and lunate during 

unconstrained wrist flexion-extension; 

2. To determine the effect of the scapholunate ligament sectioning on scaphoid and 

lunate kinematics throughout planar wrist flexion-extension and radial-ulnar 

deviation and; 

3. To determine the effect of the secondary stabilizers including the: 

scaphotrapezium-trapezoid ligament and radioscaphocapitate ligament on 

scaphoid and lunate kinematics throughout planar wrist flexion-extension and 

radial-ulnar deviation. 
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1.6.2 Specific Hypotheses 

Based on the above objectives, these hypotheses have been generated: 

1. The capitate, scaphoid, and lunate will move synergistically throughout planar 

wrist flexion-extension but will contribute at differing levels between wrist 

flexion and extension.  

2. The scapholunate ligament is the primary stabilizer of the scapholunate joint and 

following sectioning will alter the native kinematics of the scaphoid and lunate 

during wrist motion.  

3. The sectioning of the secondary stabilizers will further alter the native kinematics 

of the scaphoid and lunate. The scaphoid will become more flexed and the lunate 

will become more extended following the sectioning of the secondary stabilizers. 
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1.7 Thesis Overview 

 

Chapter 2: Investigates the normal kinematics of the capitate, scaphoid, and lunate 

during unconstrained planar wrist flexion-extension.  

Chapter 3: Investigates the kinematics of the scaphoid and lunate following the 

sequential sectioning of the scapholunate ligament and secondary stabilizers during 

unconstrained planar wrist flexion-extension and radial-ulnar deviation. 

Chapter 4: Provides a general discussion, summary, and potential areas of future work.  
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Chapter 2  
2 Biomechanical Evaluation of Carpal Kinematics During 
Simulated Wrist Motion 

 

Overview 

The kinematics of the wrist have been previously investigated although there remains no 

agreement regarding the influence of each carpal bone on total wrist motion. This 

chapter presents a study that examines the normal kinematics of the capitate, scaphoid, 

and lunate during unconstrained planar wrist flexion and extension. This study also 

examined the effect of motion direction (i.e. flexion or extension) on carpal kinematics. 

 A version of this work was presented at the 2016 Annual Meeting of the Orthopaedic 

Research Society, the 2016 Biennial Canadian Bone and Joint Conference, and at the 

2016 Annual Meeting of the Canadian Orthopaedic Research Society. 

 

 

 

 

 

A version of this work has been accepted for publication in The Journal of Wrist Surgery.  
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2.1 Introduction 

As described in Chapter 1 (Section 1.5) normal wrist kinematics rely on the intricate 

interplay between the articular geometry and ligamentous constraints. The wrist joint is 

frequently subdivided into the radiocarpal and midcarpal joints based on the functional 

grouping of the bones in the proximal and distal rows.1 The midcarpal joint is formed by 

the articulation of the scaphoid, lunate and triquetrum, with the trapezium, trapezoid, 

capitate and hamate.2 The radiocarpal joint is formed by the articulation between the 

bones of the proximal carpal row the scaphoid, lunate and triquetrum with the distal 

radius. The combination of midcarpal and radiocarpal joint relative motion is responsible 

for the total range of wrist motion in flexion and extension.3 

Carpal kinematics have been previously studied as highlighted in Chapter 1 (Section 1.5), 

yet there remains no consensus regarding each carpal bone’s contribution to wrist motion. 

This disparity has led to numerous theories depicting the normal kinematics of the wrist 

including: row, column, intercalated segment and oval ring concepts.1,4–6 In addition, 

previous kinematic studies have investigated the contribution of the radiocarpal and 

midcarpal joints during wrist motion, however there is disagreement regarding the role of 

each joint throughout flexion and extension.3,7–10 A more detailed understanding of 

normal carpal bone kinematics during wrist motion is necessary to effectively diagnose 

and treat ligamentous injuries of the wrist. This information is also clinically beneficial as 

many injuries arising in the wrist often manifest as an alteration of intercarpal motion.11 

Furthermore, a better understanding carpal kinematics allows for evaluation of the wrist 

joint under normal and pathological conditions, and should lead to improvements in the 

outcome of partial wrist fusions, ligament reconstructions and prosthetic devices.12  

The objective of the present in vitro biomechanical study was to determine the kinematics 

of the scaphoid, lunate and capitate during planar motions of unconstrained wrist flexion 

and extension. In addition, this study emphasizes the ratio of carpal bone rotation to total 

wrist rotation in flexion and extension. Further, this study examined the effect of motion 

direction (i.e. flexion or extension) on kinematics and the contribution of scaphoid and 

lunate rotation to overall wrist flexion and extension. 
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2.2 Materials and Methods 

2.2.1 Specimen Preparation  

Seven (7) fresh frozen cadaveric upper limb specimens (average age: 67 years; range 37-

91; 5 male; 4 left) amputated at the mid-humerus were used.  CT scans of each wrist were 

examined beforehand to rule out and underlying wrist pathologies. There was no history 

of trauma or wrist disease in any of the specimens used. The upper limbs were thawed 

overnight at room temperature and the fingers were disarticulated at the 

metacarpophalangeal joints. The tendons of the abductor pollicis longus (APL), extensor 

carpi radialis brevis (ECRB), extensor carpi radialis longus (ECRL), extensor carpi 

ulnaris (ECU), flexor carpi radialis (FCR) and flexor carpi ulnaris (FCU) were exposed 

and sutured at the musculotendinous junction (Ethicon, Somerville, NJ). The specimens 

were mounted in a custom wrist motion simulator by rigidly securing the humerus in a 

clamp (Fig.2-1). Two threaded pins were used to fix the ulna to the simulator with the 

elbow aligned at 90° flexion. A Steinmann pin was inserted into the proximal radius 

securing the forearm in neutral rotation (Fig.2-1).  

The neutral position of the wrist in flexion-extension was defined by visually aligning the 

third metacarpal with the forearm. As the capitate-third metacarpal joint is rigid, the 

position of the capitate was used to represent wrist position.13 A Steinmann pin was 

inserted longitudinally into the shaft of the third metacarpal and placed into the arc of the 

simulator as a guide for passive wrist motion (Fig.2-1).  Muscle tone loads were produced 

using pneumatic actuators via cables routed through a system of pulleys and connected to 

the tendon sutures (Airport Corporation, Norwalk, CT). Optical tracking markers 

(Optotrak Certus; Northern Digital, Waterloo, Ontario, Canada) were secured to the 

lunate, scaphoid, capitate and radius under fluoroscopic control to capture the kinematics 

throughout testing. The radial marker was attached to the distal shaft of the radius.  The 

lunate marker was inserted dorsally through a small arthrotomy along the distal edge of 

the dorsal radiocarpal ligament; the scaphoid marker was inserted through a small volar 

incision over the tuberosity; and the capitate marker was placed dorsally into the body of 

the bone.         
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Figure 2-1: In Vitro Passive Motion Wrist Simulator. This device is capable of loading six muscle 
groups of interest while simulating passive flexion-extension of the wrist: (A) ulna fixed with the elbow at 
90° flexion, (B) radius fixed with the forearm in neutral rotation, (C) rigidly fixed humerus, (D) flexion-
extension motion arc, (E) Steinmann pin inserted into 3rd metacarpal; passive motion guide, (F) Optotrack 
six DOF tracking markers, (G) pneumatic actuators, and (H) cables connecting actuators and corresponding 
muscle sutures. 
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2.2.2 Testing Protocol  

Passive flexion and extension motion of the wrist was simulated by one investigator 

moving the Steinmann pin along the flexion-extension motion arc of the simulator at a 

speed of approximately 5º/sec. Tone loads of 10 N were applied to the APL, ECRB, 

ECRL, ECU, FCR and FCU. Each specimen was subjected to two extension and two 

flexion trials and data was analyzed from the second trial of each.  

 Extension trials were defined as moving the wrist from flexion to extension, and flexion 

trials were defined as extension to flexion. Kinematic data was extracted in 5° 

increments. The specimens were irrigated with saline and the skin was closed throughout 

the testing protocol in an effort to maintain specimen hydration. Data was analyzed from 

35° of extension to 35° of flexion due to variable specimen range of motion and 

impingement of the trackers in some specimens at the extremes of motion. Following the 

testing protocol, the joints were dissected, and the landmarks on the radius, scaphoid, 

lunate and capitate were digitized using a pointed stylus. All tracker mounts were 

inspected following dissection to ensure there was no visible movement that occurred 

throughout testing. The neutral position of the wrist, as defined by the International 

Society of Biomechanics (ISB), served to form the coordinate systems and was used to 

calculate the angle of wrist flexion and extension.14 

 

2.2.3 Outcome Variables and Data Analysis  

The angulation of the scaphoid and lunate relative to the distal radius was evaluated for 

both flexion and extension trials. Extension trials and flexion trials were averaged over 

the tested range of motion in order to calculate the contribution of the lunate and 

scaphoid to global wrist motion. Wrist flexion-extension angle was defined as the angle 

between the long axis of the radius and the long axis of the third metacarpal with respect 

to the distal radius coordinate system. The coordinate systems for each bone employed 

ISB recommendations with the exception of the origin of each of the carpal coordinate 

systems located at the proximal pole in contrast to the suggested volumetric centroid.14 
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However, the orientation of the carpal coordinate systems remained in parallel with the 

radial coordinate system while the wrist was in neutral position.14  

 

2.2.4 Statistical Methods 

A 3-way repeated measures analysis of variance (ANOVA) was completed using SPSS 

17.0 (SPSS Inc., Chicago, IL, USA). The factors (viz. independent variables) included: 

direction of motion (flexion [-35° to 0 °], extension [0° to 35°]), bone (capitate, scaphoid, 

lunate), and wrist flexion-extension angle (in 5° increments). The outcome variables were 

the rotation angles of the carpal bones about the physiologic axes of motion 

(flexion/extension). A paired t-test analysis was also performed for the scaphoid and 

lunate rotational data to assess differences between flexion and extension motion 

pathways. Statistical significance was set at p<0.05. 
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2.3 Results 

2.3.1 Flexion-Extension of the Scaphoid and Lunate 

The rotation of the scaphoid and lunate were found to correlate linearly with wrist motion 

during flexion trials (R2=0.99 for both) (Fig. 2-2). Scaphoid rotation was on average 

95±20% (p=1.0) of wrist flexion, and lunate rotation was an average 70±12% of wrist 

flexion (p=0.007). The motion between the scaphoid and lunate was 25±17% of global 

wrist flexion. For 60° of capitate flexion, the scaphoid flexed 57±12°, and the lunate 

flexed 42±7°, thus yielding scapholunate intercarpal motion of 15±14°. 

During extension trials both the scaphoid and lunate were found to correlate linearly with 

wrist motion (R2=0.99 and 0.97 respectively). Scaphoid rotation was 83±19% (p=0.033) 

of wrist extension, and lunate rotation was 37±18% (p=0.001) of wrist extension. The 

motion between the scaphoid and lunate was 46±15% of global wrist extension. For 60° 

of capitate extension, the scaphoid extended 50±11°, the lunate extended 22±11°, and the 

scapholunate intercarpal motion was 28±16°. 
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Figure 2-2: Flexion-Extension of the Scaphoid and Lunate. The mean relative rotation of the scaphoid, 
lunate and capitate (with respect to the radius) from 60° of wrist flexion to 60° of extension. Standard 
deviations were omitted for clarity (Scaphoid range: ±2.20° to ±5.25°; Lunate range: ±1.01° to ±5.15°). 
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2.3.2 Ratio of Scaphoid and Lunate Rotation to Wrist Rotation  

The ratio of scaphoid and lunate rotation to global wrist rotation decreased as the wrist 

was moved from flexion to extension (Fig. 2-3). There was no significant difference in 

scaphoid rotation between flexion and extension of the wrist (p=0.15) (Fig. 2-3). 

However, there was a significant decrease in lunate rotation compared to wrist rotation 

from flexion to extension (p=0.004). Significant differences were found between the 

rotation of the lunate when compared to both the scaphoid and capitate throughout 

flexion and extension (Fig.2-4). The lunate rotated on average 46±25% less than the 

capitate, and 35±31% less than the scaphoid during wrist flexion and extension 

(p=0.001). The scaphoid rotated on average 11±19% less than the capitate during wrist 

flexion and extension, however this was not statistically significant (p=0.066).  

 
Figure 2-3: Ratio of Carpal Rotation to Wrist Rotation. The ratio of scaphoid and lunate rotation 
respect to wrist rotation. Standard deviations were omitted for clarity (Scaphoid range: ± 0.08° to ± 0.24°; 
Lunate range: ± 0.10° to ± 0.26.   
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Figure 2-4: Average Ratio of Carpal Rotation to Wrist Rotation. The ratio of scaphoid and lunate 
motion with respect to wrist rotation during flexion and extension. The capitate demonstrates a 1:1 ratio with 
global wrist rotation, as it is directly in line with the wrist flexion-extension axis. The data is the mean and 
the error bars indicate the standard deviation of each carpal bone for both flexion and extension. 
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2.3.3 Direction of Motion  

Direction of motion did not have a statistically significant effect on carpal kinematics for 

wrist flexion and extension motions with mean differences less than 6.4% between 

directions. There was no difference in scaphoid and lunate contributions to wrist flexion or 

extension (p=0.26 and 0.77, respectively) for the two directions of motion (Fig. 2-5).  

 

 
Figure 2-5: Effect of Direction of Motion. The mean rotation of the scaphoid and lunate compared to wrist 
rotation, for both flexion and extension trials. 
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2.4 Discussion 

Planar wrist flexion-extension is achieved via rotation at the radiocarpal and midcarpal 

joints and is defined by the motion of the capitate as it moves with respect to the radius. 

Carpal kinematics have been studied in vivo and in vitro, yet there remains no unanimity 

regarding the contribution of each carpal bone to wrist motion. Consequently, numerous 

theories have been developed due to the inconsistencies in data representing the 

kinematics of the native wrist joint. This study investigated capitate, scaphoid and lunate 

kinematics during unconstrained planar wrist flexion-extension. Our results found that at 

the radiocarpal joint the scaphoid contributes at a greater extent to wrist motion 

throughout flexion and extension when compared to the lunate. Scaphoid and lunate 

motion was found to correlate linearly with capitate motion throughout the tested range of 

motion, both contributing more to total wrist motion during flexion. In addition, our 

results found that the ratio of scaphoid and lunate rotation to wrist rotation decreases from 

flexion to extension, suggesting that the radiocarpal joint plays a more critical role in 

flexion. The relatively large magnitude of scapholunate differential rotation, averaging 

10±4° at 35° of wrist flexion and 15±5° at 35° of wrist extension, may explain the high 

incidence of scapholunate ligament injuries relative to other intercarpal joints.15 

At all wrist positions, we found the scaphoid contributed a greater extent to wrist motion 

compared to the lunate, consistent with previous in vivo and in vitro studies.16–21 Our 

results confirm the synergistic motion between the capitate, lunate and scaphoid 

throughout motion. Agreeing with Wolfe et al.20, the present data indicates that the 

scaphoid and lunate correlate linearly with the capitate throughout wrist flexion-extension 

(Fig. 2-2). Our findings are also consistent with Werner et al.19 who showed that the 

scaphoid and lunate do not contribute equally to wrist flexion and extension, each 

producing a unique arc of motion (Fig. 2-2). Despite finding a small magnitude of 

interspecimen variability, we confirmed wrist motion during flexion and extension follows 

a similar trend. This supports the hypothesis by Kobayashi et al.16 that the underlying 

mechanism that governs carpal kinematics in the uninjured state is uniform within subject 

population.  
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Contrasting the majority of published studies, we found the scaphoid contributed more to 

flexion compared to extension (Flexion - 95%, Extension - 83% vs. Flexion - 86%, 

Extension - 69%).17 Likewise, our results for the lunate contrast the range of contributions 

found within literature for flexion, which are greater than the average of previously 

reported contributions (70% vs. 50%)17, but agree for extension. As shown by Moojen et 

al. a large variability exists in previously reported scaphoid and lunate contributions to 

wrist motion due to methodologies limitations (Scaphoid Extension Range[58-99%], 

Flexion Range [61-88%]; Lunate Extension Range [22-68%], Flexion Range[36-63%]).17  

Previous in vitro studies3,12,19,22 were limited to less than ±60° flexion-extension due to 

tracking constraints and assumed a linear relationship within these positions similar to the 

present study. The in vivo study performed by Wolfe et al.21 utilized static positioning at 

four positions of flexion-extension, while an in vivo study by Moojen et al.17 imitated 

continuous motion using 5° increments. The present investigation provides new 

information on continuous wrist motion compared to interpolating between wrist angles.23  

Previous kinematic studies have reported varying results regarding the relative 

contribution of the radiocarpal and midcarpal joints to wrist motion, with few studies 

showing equal radiocarpal and midcarpal contribution during flexion with the radiocarpal 

joint contributing more in extension.24–26 Other studies suggested that the radiocarpal joint 

contributes a greater degree in wrist extension and the midcarpal joint more in 

flexion.3,8,18,27,28 Agreeing with our study, several investigators showed that the 

radiocarpal joint contributed more in wrist flexion and the midcarpal joint more in 

extension.22,29–31 This variability may stem from how carpal angles were represented; 

either relative to a starting position, or similar to this study, as an angle relative to another 

bone.23 Reporting carpal angles with respect to the distal radius gave an anatomical 

reference throughout the tested range of motion. 

Currently a range of surgical options exist for wrist arthritis including partial carpal 

fusions32, however it is unclear as to which method of fusion has superior biomechanical 

potential optimizing the range of wrist motion. Our results provide a better representation 

of potential outcomes of partial wrist fusions with respect to wrist motion. When 
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performing a midcarpal fusion, the lunate should be fixed in a slightly flexed position 

allowing for functional wrist extension. Similarly, when performing a radioscapholunate 

fusion the lunate should be fixed in a slightly extended position allowing for functional 

wrist extension. 

The work of this chapter has limitations. In addition to only analyzing wrist motion from 

±35° of wrist flexion-extension, motion testing was performed in one anatomic plane to 

maintain reproducibility, not incorporating the complex multiplanar motions of the wrist. 

Carpal kinematics were considered in one anatomic plane not considering the rotational 

and translational movements of the bones throughout flexion-extension. Although wrist 

motion was performed passively, balanced tendon loading was applied across the wrist to 

mimic physiologically relevant forces which may occur clinically with active motion. 

Future work will investigate the effect of dynamic stabilizers and varied tone loads during 

active motion on carpal kinematics. Our study deviated from the ISB suggested volumetric 

centroid coordinate system, although we only reported joint angles which would be 

unaffected by origin definition.  

This study has several strengths. A highly accurate optical motion capture system 

facilitating real time kinematic measurements was employed. Additionally, this study 

analyzed normal kinematics of the native wrist in the flexion-extension plane throughout 

continuous motion compared to interpolating static positions which may not effectively 

represent dynamic motion, nor does it recreate normal kinematics.23  
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2.5 Conclusions 

Overall, these findings support a relative collaboration of the scaphoid, lunate and capitate 

during wrist flexion and extension. It was found that the scaphoid and lunate both rotated 

more during wrist flexion compared to extension, suggesting the radiocarpal joint has a 

greater influence during flexion and the midcarpal joint is more important for extension. 

The large magnitude of differential rotation observed between the scaphoid and lunate 

averaging 10±4° at 35° of wrist flexion and 15±5° at 35° of wrist extension may explain, 

in part, the high incidence of scapholunate ligament injuries relative to other intercarpal 

ligaments. A detailed understanding of normal and abnormal carpal kinematics may assist 

in the future design and development of wrist arthroplasty, assist surgeons in positioning 

the carpal bones when performing partial wrist fusions, and help develop better techniques 

for scapholunate ligament repair and reconstruction. 
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Chapter 3  
 

3 Biomechanical Evaluation of the Scapholunate Ligament 
and Secondary Stabilizers on Scaphoid and Lunate Kinematics 

 

Overview 

The stabilizing influence of the scapholunate ligament and secondary ligamentous 

restraints on scaphoid and lunate kinematics have been previously investigated, however, 

their role remains inconclusive. This chapter presents a study that examines the effect of 

sequential sectioning of the scapholunate ligament and two of the secondary stabilizers, 

the scaphotrapezium-trapezoid and radioscaphocapitate ligaments on scaphoid and 

lunate kinematics during simulated active planar wrist flexion-extension and radial-ulnar 

deviation. In order to generate physiologic motions, a novel wrist testing apparatus was 

employed for the studies of this chapter. 

A version of this work was accepted to the 2017 Annual Meeting of the Orthopaedic 

Research Society. 
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3.1 Introduction 

As described in Chapter 1 (Section 1.5), ligamentous injuries of the wrist often lead to 

chronic pain and discomfort. The wrist joint is surrounded by a complex configuration of 

ligaments connecting adjacent carpal bones allowing for subtle alterations in kinematic 

behaviors.1,2 Ligamentous injuries have the potential to disrupt the delicate balance within 

the wrist joint leading to altered kinematics, abnormal joint loading, and secondary 

degenerative changes.2 The most commonly injured intercarpal ligament is the 

scapholunate (SL) ligament.2–5 The SL ligament plays an important role in the stability of 

the wrist joining the scaphoid and lunate, allowing them to rotate in relative unison 

throughout wrist motion.2,4 Damage to the SL ligament and the secondary restraints causes 

the scaphoid to flex and the lunate to extend with dissociation of the carpal bones from 

their native alignment.4,6 Although the etiology of SL instability remains unclear it often 

leads to a pattern of secondary osteoarthritis termed scapholunate advanced collapse 

(SLAC).7  

The scaphoid, lunate, and triquetrum of the proximal carpal row are considered an 

intercalated segment as no tendons insert directly on them.2,8 The motion of the bones is 

dependent on the geometry and contact from surrounding articulations, linked by an 

intricate system of intrinsic and extrinsic carpal ligaments.2,9 The SL ligament is 

considered the primary ligamentous restraint of the scaphoid and lunate (Fig. 1-10).2,9 The 

SL ligament is C-shaped and attaches along the dorsal, proximal, and volar margins of the 

articulating surfaces, leaving an intercarpal space between the bones distally (Fig. 1-12).2,9 

The three anatomical regions of the SL ligament have different material and anatomic 

properties, where the dorsal portion is the thickest and most critical of the SL 

stabilizers.2,10,11 There are a number of secondary stabilizers of the SL joint. The 

radioscaphocapitate (RSC) ligament, on the volar-radial side of the articulation, originates 

at the palmar aspect of the radial styloid and inserts onto the palmar aspect of the scaphoid 

and capitate (Fig. 1-10).9  The scaphotrapezium-trapezoid (STT) ligament connects the 

distal pole of the scaphoid with the palmar aspect of the trapezium and trapezoid (Fig. 1-

10).9 Although the ligamentous anatomy of these structures has been well documented the 

stabilizing role of each structure remains unknown.  
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Numerous biomechanical studies have evaluated the effect of sectioning the SL ligament 

and secondary stabilizers yet there remain no conclusive results regarding the influence of 

each structure on scaphoid and lunate kinematics.2,12–16 Clinically, the void of information 

results in uncertainty to as which stabilizers should be repaired following SL injury. As 

the cause of scapholunate instability remains unknown treatment strategies vary and often 

result in poor long term clinical outcomes for patients.12,15,17–24 

The objective of this in vitro biomechanical study was to quantify changes in scaphoid and 

lunate alignment in the flexion-extension plane during wrist flexion-extension and radial-

ulnar deviation following the sequential sectioning of the SL ligament and secondary 

stabilizers. In addition, the intercarpal angle between the scaphoid and lunate was 

quantified in the flexion-extension plane following the sequential sectioning of the 

ligaments.   
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3.2 Materials and Methods 

3.2.1 Specimen Preparation 

Eight (8) fresh frozen cadaveric upper limb specimens (average age: 74 years; range 54-

90; 8 male; 8 right) amputated mid-humerus were used. CT scans of each wrist were 

examined to rule out any underlying wrist pathology. SL ligament integrity was confirmed 

via fluoroscopy and subsequently by direct inspection in each of the specimens. The upper 

limb specimens were thawed eighteen hours at room temperature prior to testing and all 

soft tissue structures were left intact.  

Optical tracking markers as described in Chapter 2 (Optotrak Certus; Northern Digital, 

Waterloo, Ontario, Canada) were secured to the lunate, scaphoid, third metacarpal, ulna, 

and radius to capture the kinematics throughout testing. Two cortical bone screws 

(Ø2.7mm) were inserted into the scaphoid and lunate under fluoroscopic control ensuring 

proper tracker fixation. The lunate screws were inserted through a dorsal incision on the 

midpoint of the osseous body and aimed towards the volar rim; the scaphoid screws were 

inserted through a volar incision over the tuberosity. Each specimen was subjected to a 

full range of wrist flexion-extension and radial-ulnar deviation under fluoroscopic control 

to ensure that there was no screw impingement on wrist motion (Fig. 3-1). The tracker 

mounts were secured to the carpal screws and the optical trackers oriented for an optimal 

line of sight during testing. The third metacarpal tracker was inserted through a dorsal 

incision on the distal diaphysis; the ulnar tracker was inserted into the proximal one-third 

of the shaft; and the radial tracker was secured into the distal two-thirds of the shaft using 

cortical bone screws (Ø3.5mm). 
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Figure 3-1: Scaphoid and Lunate Tracker Placement. Two cortical screws (  2.7mm) inserted into the 
scaphoid and lunate showing no impingement in full flexion.  

 

Following a similar protocol described in Chapter 2, the tendons of the biceps brachii, 

pronator teres (PT), extensor carpi radialis brevis (ECRB), extensor carpi radialis longus 

(ECRL), extensor carpi ulnaris (ECU), flexor carpi radialis (FCR) and flexor carpi ulnaris 

(FCU) were exposed and sutured at the musculotendinous junction (Ethicon, Somerville, 

NJ). Epicondyle blocks were fixated onto the lateral and medial epicondyles of the 

humerus to guide the suture lines and maintain the physiological line of action of the 

tendons. The specimens were mounted in a custom wrist motion simulator capable of 

active motion by rigidly securing the humerus in a clamp. This was a more advanced 

simulator than the system employed in Chapter 2 (Fig. 3-2). Two threaded pins were used 

to fix the shaft of the ulna to the support tower aligning the elbow at 90° flexion (Fig. 3-2). 

The suture lines were linked to their corresponding SmartMotor (SM2316D-PLS2, SMI 

Animatics Corp., CA) at the base of the simulator platform (Fig. 3-2).  The digits of each 

specimen were manipulated into full flexion and immobilized using Coban Self-Adherent 

Wrap (3M, Elyria, OH). 
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Figure 3-2: In Vitro Active Motion Simulator. This device is capable of loading the seven muscle groups 
of interest to simulate active wrist flexion-extension and radial-ulnar deviation: (A) simulator platform; (B) 
biceps brachii SmartMotor; (C) motor manifold used to control the magnitude of forces applied to the 
muscle group of interest; (D) cable guide rail used to converge the suture lines from the motor manifold the 
specimen; (E) suture cables connecting SmartMotors to the muscle group of interest; (F) ulnar support tower 
fixing the specimen at 90° of flexion; (G) humeral clamp rigidly fixing the specimen to the simulator; and 
(H) Optotrak six DOF tracking markers.   
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3.2.2 Testing Protocol  

Clinically relevant coordinate systems were established for the radius, ulna, and third 

metacarpal in order to track joint angles. The neutral position of the wrist, as defined by 

the International Society of Biomechanics (ISB), served to construct the coordinate 

systems and was used to calculate the angle of wrist flexion-extension and radial-ulnar 

deviation throughout motion.25 In order to maintain neutral forearm rotation during all 

wrist motion trials, 45N of tone load was applied to the biceps brachii and PT muscles. 25  

Five cyclic motion trials of planar wrist flexion-extension and radial-ulnar deviation were 

performed for each stage of the sectioning protocol (Table 3-1). Motion trials were 

performed at approximately 5°/sec where flexion-extension trials ranged from 50° of 

extension to 50° of flexion while radial-ulnar deviation trials ranged from 10° radial 

deviation to 20° ulnar deviation. Data was analyzed from the fifth trial of each cycle. 

 
Table 3-1: Sequence of Incremental Sectioning of the Scapholunate Ligament and Secondary 
Stabilizers.  

 

Sequence of Ligament Sectioning 
Stage I Intact State 
Stage II Dorsal SL Cut 
Stage III Complete SL Cut 
Stage IV SL + STT Cut 
Stage V SL, STT, + RSC Cut 
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The dorsal portion and dorsal half of the membranous portion of the SL ligament was 

sectioned by inserting a #11 scalpel blade into the SL joint space through a dorsal incision 

on the wrist. The scalpel was passed through the dorsal capsular structures just radial to 

the dorsal radiocarpal ligament. The remainder of the SL ligament was sectioned through 

a volar incision on the specimen passing the scalpel through the volar capsuloligamentous 

and remaining membranous portions of the ligament. The STT ligament was sectioned by 

inserting the scalpel blade into the STT joint space and running the blade from the volar 

surface of the trapezium and trapezoid proximally to the lateral aspect of the distal pole of 

the scaphoid. The RSC ligament was sectioned inserting the blade through the volar 

incision and detaching the ligament from the radial styloid insertion point and coursing 

along the proximal aspect of the scaphoid.  

 
Figure 3-3: Stages of Sectioning the Scapholunate Ligament and Secondary Stabilizers. (A) Dorsal-
Volar View, Stage II: Sectioning of the dorsal portion and dorsal half of the membranous portionof the SL 
ligament. (B) Dorsal-Volar View, Stage III: Sectioning of the complete SL ligament. (C) Volar View, Stage 
IV: Sectioning of the STT ligament. (D) Volar View, Stage V: Sectioning of the RSC ligament. 
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Extension trials were defined as moving the wrist from flexion to extension, and radial 

trials were defined as moving the wrist from ulnar to radial deviation. Kinematic data was 

collected continuously at 15 Hz and extracted in 5° increments for the motion paths. The 

skin was closed throughout each stage of the testing protocol to maintain specimen 

hydration. Following testing, the specimen was denuded and the joints were dissected. 

Each optical tracker mount was inspected to ensure there was no movement that occurred 

throughout the experiment protocol. The landmarks on the bones of interest: the radius, 

ulna, third metacarpal, scaphoid and lunate were digitized using a pointed stylus. Neutral 

wrist position, as defined by ISB, served to form the coordinate system of each bone and 

was used to calculate the angle of wrist motion throughout testing.25  

 

3.2.3 Outcome Variables and Data Analysis 

The rotation of the scaphoid and lunate relative to the distal radius were evaluated for 

flexion-extension and radial-ulnar deviation motion trials. This permitted the investigation 

of the relative contribution of each bone to global wrist motion for each of the five 

different stages of testing. The mean angular difference in carpal bone flexion-extension 

between each stage of testing was calculated for flexion (0° to 45° FEM), extension (-45° 

to 0° FEM), and radial-ulnar deviation (10° to 20° RUD) motion trials. Scapholunate 

intercarpal motion was calculated by subtracting the angle of the scaphoid in the flexion-

extension plane from the angle of the lunate in the flexion-extension plane, with respect to 

the distal radius (Fig. 3-4).  Wrist angle was defined as the angle between the long axis of 

the radius and the long axis of the third metacarpal with respect to the distal radius 

coordinate system. The coordinate systems for each bone used the ISB recommendations 

with the origin of the carpal coordinate systems located at the volumetric centroid of each 

bone (Appendix C).25 The orientation of the carpal coordinate systems remained parallel 

with the radial coordinate system when the wrist was in the defined neutral position.25 
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Figure 3-4: Scapholunate Intercarpal Motion. The figure shows a sagittal view of the distal radius (grey), 
scaphoid (blue), lunate (green), and capitate of a left wrist during flexion. Scapholunate intercarpal motion 
was measured by subtracting the angle of the scaphoid from the angle of the lunate in the flexion-extension 
plane.  

 

3.2.4 Statistical Methods 

A 2-way repeated measures analysis of variance (ANOVA) was performed using SPSS 

17.0 (SPSS Inc., Chicago, IL, USA). The factors (viz. independent variables) included: the 

sectioning stage (intact; dorsal SL cut; SL cut; SL and STT cut; SL, STT, and RSC cut) 

and wrist motion angle (flexion-extension, radial-ulnar deviation). Individual analyses 

were performed for the scaphoid and lunate during wrist flexion-extension and radial-

ulnar deviation. Statistical significance was set at p<0.05. 
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3.3 Results 

3.3.1 Scaphoid and Lunate Kinematics During Wrist Flexion-Extension 

3.3.1.1  Scaphoid Kinematics During Wrist Flexion-Extension 

In the native state the scaphoid was found to correlate linearly with total wrist motion 

throughout flexion and extension (Fig. 3-5). During wrist flexion the scaphoid rotated 

71±8% (R2=0.99) of total wrist flexion. During extension, the scaphoid rotated 85±10% 

(R2=0.99) of total wrist extension. At 45° of wrist flexion the scaphoid flexed 30±7° and 

for 60° of wrist extension the scaphoid extended 41±6°. 

During wrist flexion statistically significant changes in scaphoid motion were recorded 

following the incremental sectioning of the SL ligament and secondary stabilizers 

(p=0.01). Each consecutive sectioning stage significantly increased scaphoid flexion 

compared to the intact wrist [(Stage II 1.5±1.5°; p=0.02) (Stage III 4.4±3.3°; p=0.007) 

(Stage IV 4.5±3.8°; p=0.01) (Stage V 4.6±3.7°; p=0.01)] (Fig. 3-7). There was also a 

significant increase in scaphoid flexion following the complete sectioning of the SL 

ligament, the STT ligament, and the RSC ligament compared to when only the dorsal SL 

ligament was sectioned [(Stage III 2.9±3.1°; p=0.03) (Stage IV 3.0±3.5°;  p=0.05) (Stage 

V 3.1±3.5°; p=0.04)] (Fig.3-7). 

During wrist extension there were no significant changes in scaphoid motion following the 

incremental sectioning of the SL ligament and secondary stabilizers when compared to the 

intact state (p=0.7).  
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Figure 3-5: Scaphoid Flexion-Extension Following Sequential Ligament Sectioning During Wrist 
Flexion-Extension. The graph shows the mean scaphoid contribution to total wrist motion during wrist 
flexion-extension in the native state and following the incremental sectioning of the SL ligament and 
secondary stabilizers (Stage I: Intact State, Stage II: Dorsal SL Cut, Stage III: Complete SL Cut, Stage IV: 
SL and STT Cut, Stage V: SL, STT, and RSC Cut). Standard deviations were omitted for clarity (Stage I 
range: ±4.26° to ±6.72°; Stage II range: ±5.21° to ±8.31°; Stage III range: ±5.36° to ±8.34°; Stage IV range: 
±5.43° to ±8.77°; Stage V range: ±5.15° to ±8.94°). 

 

 

 

 

 

 



  

  

 

90 

 

3.3.1.2  Lunate Kinematics During Wrist Flexion-Extension 

In the intact state the lunate was also found to correlate linearly with total wrist motion 

during planar flexion and extension (Fig. 3-6). During wrist flexion the lunate rotated 

45±9% (R2 = 0.99) of total wrist flexion. During wrist extension the lunate rotated 

51±26% (R2 = 0.99) of total wrist extension. For 45° of wrist flexion the lunate flexed 

19±3° and for 60° of wrist extension the lunate extended 25±11°. 

There were significant changes in lunate motion following sequential sectioning of the SL 

ligament and secondary stabilizers during wrist flexion (p=0.01). During wrist flexion 

there were significant increases in lunate extension following the complete sectioning of 

the SL ligament, the STT ligament, and the RSC ligament when compared to the native 

state [(Stage III 3.5±3.6°; p=0.03) (Stage IV 3.9±3.8°; p=0.03) (Stage V 4.8±4.6°; 

p=0.02)] (Fig. 3-7). There was no significant difference in lunate extension following the 

isolated disruption to the dorsal portion of the SL ligament when compared to the intact 

state (1.2±2.2°; p=0.18). There was a significant increase in lunate extension following the 

complete sectioning of the SL ligament, the STT ligament, and the RSC ligament when 

compared to only the dorsal portion of the SL ligament sectioned [(Stage III 2.3±1.8°; 

p=0.008)  (Stage IV 2.7±2.0°; p=0.007) (Stage V 3.6±2.7° p=0.007)] (Fig.3-7). There was 

also a significant increase in lunate extension following the additional sectioning of the 

RSC compared to the sectioning of the SL and STT ligaments (0.9±1.1°; p=0.05).  

Likewise, in wrist extension there was a number of significant increase in lunate extension 

following the incremental sectioning protocol (p=0.03). Sectioning the STT ligament in 

addition to sectioning the RSC ligament caused a significant increase in lunate extension 

when compared to the intact state [(Stage IV 3.5±4.1°; p=0.05) (Stage V 4.3±4.2°; 

p=0.02)] (Fig. 3-7). Likewise, there was a significant increase following sectioning of the 

complete SL ligament, the STT ligament, and the RSC ligament when compared to the 

isolated sectioning of the dorsal SL ligament [(Stage III 2.0±1.8°; p=0.02) (Stage IV 

2.3±1.6°; p=0.005) (Stage V 3.1±1.6°; p=0.001)] (Fig. 3-6). There was also a significant 

increase in lunate extension following the sectioning of the RSC ligament when compared 

to the complete sectioning of the SL ligament (1.1±1.2°; p=0.04) (Fig. 3-7).  
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Figure 3-6: Lunate Flexion-Extension Following Sequential Ligament Sectioning During Wrist 
Flexion-Extension. The graph shows the mean lunate contribution to total wrist motion during wrist 
flexion-extension in the native state and following the incremental sectioning of the SL ligament and 
secondary stabilizers (Stage I: Intact State, Stage II: Dorsal SL Cut, Stage III: Complete SL Cut, Stage IV: 
SL and STT Cut, Stage V: SL, STT, and RSC Cut). Standard deviations were omitted for clarity (Stage I 
range: ±2.86° to ±10.55°; Stage II range: ±3.01° to ±12.00°; Stage III range: ±3.90° to ±13.32°; Stage IV 
range: ±4.15° to ±13.51°; Stage V range: ±4.39° to ±13.55°). 

 

 

 

 

 

 

 



  

  

 

92 

 

 
Figure 3-7: Mean Angular Change in Carpal Motion During Wrist Flexion-Extension. Mean angular 
difference in scaphoid and lunate motion during wrist flexion and extension following the incremental 
sectioning of the SL ligament and secondary stabilizers of the SL joint (Stage I: Intact State, Stage II: Dorsal 
SL Cut, Stage III: Complete SL Cut, Stage IV: SL and STT Cut, Stage V: SL, STT, and RSC Cut). Each bar 
represents the stage of the sectioning protocol compared to the intact state. 
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3.3.1.3  Scapholunate Kinematics During Wrist Flexion-Extension 

Scapholunate intercarpal motion is the measure of the relative flexion-extension angle 

between the scaphoid and lunate (Fig. 3-4). As the scaphoid and lunate move 

synergistically throughout wrist motion, SL intercarpal motion is positive during wrist 

flexion and negative during wrist extension. In the intact wrist at 45° of wrist flexion SL 

intercarpal motion was measured at 10±5°, where both the scaphoid and lunate are flexing 

with wrist motion; and at 45° of wrist extension was measured at -16±8°, where the 

scaphoid and lunate are extending with wrist motion (Fig. 3-5, 3-6, 3-8).   

During wrist flexion there were significant changes in SL intercarpal motion following the 

sequential sectioning of the SL ligament and secondary stabilizers (p=0.004). Each 

additional stage had a significant increase in the relative extension of the lunate with 

respect to the scaphoid compared to the intact wrist [(Stage II 2.7±2.8°; p=0.03) (Stage III 

7.9±5.7°; p=0.006) (Stage IV 8.4±6.5°; p=0.008) (Stage V 9.2±6.5°; p=0.005)]. There was 

also a significant increase in SL intercarpal motion following complete sectioning of the 

SL ligament, the STT ligament, and the RSC ligament compared to only the dorsal SL 

ligament sectioned [(Stage III 5.2±4.4°; p=0.01) (Stage IV 5.7±5.1°; p=0.01) (Stage V 

6.5±5.2°; p=0.009)]. In addition, there was a significant increase in scapholunate motion 

following the sectioning of the SL ligament, the STT ligament and the RSC ligament 

compared to only the sectioning of the SL and STT ligaments (0.8±0.6°; p=0.006). 

Throughout wrist extension there were significant changes in the SL intercarpal motion 

following sequential sectioning of the SL ligament and secondary stabilizers of the SL 

joint (p=0.005). There was significant increase in the relative extension of the lunate with 

respect to the scaphoid following complete sectioning of the SL ligament, the STT 

ligament, and the RSC ligaments compared to the intact state [(Stage III 3.0±2.3°; 

p=0.009) (Stage IV 3.0±2.2°; p=0.006) (Stage V 3.5±2.3°; p=0.003)]. There was also a 

significant increase in SL intercarpal motion following the sectioning of the complete SL 

ligament, the STT ligament, and the RSC ligament compared to isolated disruption of the 

dorsal portion of the SL ligament [(Stage III 2.3±2.7°; p=0.05) (Stage IV 2.3±2.4°; 

p=0.03) (Stage V 2.9±2.9°; p=0.03)].  
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Figure 3-8: Scapholunate Intercarpal Motion Following Sequential Ligament Sectioning During Wrist 
Flexion-Extension. The graph shows the mean SL intercarpal motion during wrist flexion-extension in the 
native state and following the incremental sectioning of the SL ligament and secondary stabilizers (Stage I: 
Intact State, Stage II: Dorsal SL Cut, Stage III: Complete SL Cut, Stage IV: SL and STT Cut, Stage V: SL, 
STT, and RSC Cut). Standard deviations were omitted for clarity (Stage I range: ±3.31° to ±7.69°; Stage II 
range: ±2.53° to ±7.74°; Stage III range: ±2.35° to ±9.09°; Stage IV range: ±3.14° to ±9.32°; Stage V range: 
±3.24° to ±9.66°). 
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3.3.2 Scaphoid and Lunate Kinematics During Wrist Radial-Ulnar Deviation 

3.3.2.1   Scaphoid Kinematics During Wrist Radial-Ulnar Deviation 

Radial-ulnar deviation motion trial data was obtained for 7 of the 8 specimens (Average 

age: 73 years).  

During wrist radial-ulnar deviation there was no significant changes in scaphoid flexion-

extension motion following the incremental sectioning of the SL ligament and secondary 

stabilizers compared to the intact state (p=0.1) (Fig. 3-9, 3-11).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

  

 

96 

 

 
Figure 3-9: Scaphoid Flexion-Extension Motion Following Sequential Ligament Sectioning During 
Wrist Radial-Ulnar Deviation. The graph illustrates scaphoid flexion-extension motion during wrist radial-
ulnar deviation in the native state and following the incremental sectioning of the SL ligament and 
secondary stabilizers (Stage I: Intact State, Stage II: Dorsal SL Cut, Stage III: Complete SL Cut, Stage IV: 
SL and STT Cut, Stage V: SL, STT, and RSC Cut). Standard deviations were omitted for clarity (Stage I 
range: ±3.64° to ±7.70°; Stage II range: ±3.84° to ±8.25°; Stage III range: ±2.96° to ±8.16°; Stage IV range: 
±4.73° to ±8.82°; Stage V range: ±4.67° to ±8.48°). 

 

 

 

 

 

 

 



  

  

 

97 

 

3.3.2.2  Lunate Kinematics During Wrist Radial-Ulnar Deviation 

Throughout wrist radial-ulnar deviation there were significant changes in lunate flexion-

extension motion following the sequential sectioning protocol (p<0.001) (Fig. 3-10). 

There were significant increases in lunate extension following the complete sectioning of 

the SL ligament, the STT ligament, and the RSC ligament compared to the intact state 

[(Stage III 3.5±2.3°; p=0.007) (Stage IV 4.0±2.4°; p=0.005) (Stage V 5.8±2.4°; p=0.001)] 

(Fig. 3-11). Likewise, there was a significant increase in lunate extension following the 

complete sectioning of the SL ligament, the STT ligament and the RSC ligament 

compared to the isolated sectioning of the dorsal portion of the SL ligament [(Stage III 

2.2±1.4°; p=0.006) (Stage IV 2.7±1.6°; p=0.004) (Stage V 4.6±2.1°; p=0.001)] (Fig. 3-

11). There was also a significant increase in lunate extension following the sectioning of 

the STT ligament and the RSC ligament when compared to just the sectioning of the 

complete SL ligament [(Stage IV 0.5±0.3°; p=0.005) (Stage V 2.3±1.7°; p=0.01)] (Fig. 3-

11). Lastly, there was a significant difference in lunate extension following the sectioning 

of the RSC ligament compared to the sectioning of the STT ligament (1.8±1.5°; p=0.02) 

(Fig. 3-11).  
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Figure 3-10: Lunate Flexion-Extension Motion Following Sequential Ligament Sections During Wrist 
Radial-Ulnar Deviation. The graph illustrates lunate flexion-extension motion during wrist radial-ulnar 
deviation in the native state and following the incremental sectioning of the SL ligament and secondary 
stabilizers (Stage I: Intact State, Stage II: Dorsal SL Cut, Stage III: Complete SL Cut, Stage IV: SL and STT 
Cut, Stage V: SL, STT, and RSC Cut). Standard deviations were omitted for clarity (Stage I range: ±6.23° to 
±10.37°; Stage II range: ±6.14° to ±10.64°; Stage III range: ±7.46° to ±11.82°; Stage IV range: ±7.23° to 
±12.48°; Stage V range: ±6.76° to ±12.09°). 
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Figure 3-11: Mean Angular Change in Carpal Motion During Wrist Radial-Ulnar Deviation. Mean 
angular difference in scaphoid and lunate motion during wrist radial-ulnar deviation following the 
incremental sectioning of the SL ligament and secondary stabilizers of the SL joint (Stage I: Intact State, 
Stage II: Dorsal SL Cut, Stage III: Complete SL Cut, Stage IV: SL and STT Cut, Stage V: SL, STT, and 
RSC Cut). Each bar represents the stage of the sectioning protocol compared to the intact state. 
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3.3.2.3  Scapholunate Kinematics During Wrist Radial-Ulnar Deviation 

During wrist radial-ulnar deviation there were significant changes in the intercarpal SL 

intercarpal motion following the incremental sectioning of the SL ligament and the 

secondary stabilizers (p=0.001). Each stage of sectioning resulted in a significant increase 

in lunate extension with respect to the scaphoid compared to the intact wrist [(Stage II 

2.0±1.9°; p=0.03) (Stage III 5.5±2.8°; p=0.002) (Stage IV 5.7±3.6°; p=0.006) (Stage V 

7.3±4.3°; p=0.004)]. In addition, there were significant increases in lunate extension 

relative to the scaphoid following the sectioning of the complete SL ligament, the STT 

ligament, and the RSC ligament when compared to the sole sectioning of the dorsal SL 

ligament [(Stage III 3.5±1.9°; p=0.002) (Stage IV 3.7±2.4°; p=0.007) (Stage V 5.3±3.6°; 

p=0.007)].  
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Figure 3-12: Scapholunate Intercarpal Motion Following Sequential Ligament Sections During Wrist 
Radial-Ulnar Deviation. The graph illustrates the lunate angle relative to the scaphoid during wrist radial-
ulnar deviation in the native state and following the incremental sectioning of the SL ligament and 
secondary stabilizers (Stage I: Intact State, Stage II: Dorsal SL Cut, Stage III: Complete SL Cut, Stage IV: 
SL and STT Cut, Stage V: SL, STT, and RSC Cut). Standard deviations were omitted for clarity (Stage I 
range: ±5.13° to ±6.90°; Stage II range: ±6.20° to ±8.23°; Stage III range: ±6.90° to ±9.32°; Stage IV range: 
±7.43° to ±9.70°; Stage V range: ±7.25° to ±10.23°). 

 

 

 

 

 

 

 

 



  

  

 

102 

 

3.4 Discussion 

The SL ligament plays a critical role in preserving scaphoid and lunate stability linking the 

scaphoid and lunate allowing them to move synergistically throughout wrist motion. The 

SL ligament is in turn surrounded by a network of secondary ligamentous restraints, each 

insufficient to cause SL instability following isolated disruption but play a critical role in 

the maintenance of normal SL kinematics.2 Following trauma to the wrist, the SL ligament 

is often damaged leading to wrist instability and carpal dissociation.4 The secondary 

ligamentous restraints surrounding the SL joint are often injured concomitantly or may 

gradually elongate due to attritional failure following SL ligament injury.2 The 

ligamentous anatomy has been well recorded yet the relative role and stabilizing function 

of each structure remains unclear. There is confusion as to which ligament combinations 

need to be injured to induce specific wrist instability patterns. This study investigated the 

stabilizing function of the SL, STT, and RSC ligament with respect to scaphoid and lunate 

kinematics. The mean angular change in carpal bone flexion-extension was recorded 

following the incremental sectioning of the SL ligament and two of the secondary 

stabilizers, the STT and RSC ligaments, during planar wrist flexion-extension and radial-

ulnar deviation. 

During planar wrist flexion-extension the scaphoid and lunate were found to correlate 

linearly and move synergistically throughout wrist motion. The scaphoid was found to 

contribute at a greater degree to total wrist motion at all wrist angles when compared to 

the lunate. During planar radial-ulnar deviation the scaphoid and lunate were found to flex 

and extend throughout wrist motion. The scaphoid was found to be in neutral flexion-

extension when the wrist was radially deviated and began to extend as the wrist entered 

ulnar deviation. The lunate followed a similar trend but was in a slightly more flexed 

position during radial deviation.  

Isolated sectioning of the dorsal portion of the SL ligament induced changes in the angular 

position of the scaphoid and lunate during wrist flexion-extension and radial-ulnar 

deviation. The scaphoid experienced significantly larger angular changes during wrist 

flexion when compared to extension, flexing more when compared to the intact state. The 
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lunate experienced similar changes in position following the isolated disruption of the 

dorsal SL ligament during wrist flexion and extension. The lunate assumed a more 

extended posture throughout wrist motion, extending more in both wrist flexion and 

extension. During wrist radial-ulnar deviation there was a slight difference in carpal bone 

flexion-extension following the isolated disruption of the dorsal SL ligament causing an 

increase in scaphoid flexion and lunate extension. These results correspond with 

previously completed in vitro biomechanical and histological studies showing that the 

dorsal component of the SL ligament plays a critical role in SL joint stability.10,11,16 

Waters et al.16 evaluated the stabilizing and functional role of the dorsal and volar portions 

of the SL ligament with respect to SL kinematics, finding the dorsal portion of the SL 

ligament induces larger angular changes when sectioned compared to the volar portion. 

Berger et al.11 investigated the constraint and material properties of the different anatomic 

regions of the SL ligament concluding that the failure force of the dorsal SL ligament was 

more than twice the failure force of the volar and four times the force of the palmar SL 

ligament. The angular changes in carpal posture following the partial sectioning of the SL 

ligament suggest the dorsal portion of the SL ligament plays a key role in the stability of 

the SL articulation.  

Following the complete sectioning of the SL ligament there were further changes in 

scaphoid and lunate posture during wrist flexion-extension and radial-ulnar deviation. 

During wrist flexion there was a significant increase in scaphoid flexion, whereas in 

extension there were minimal changes in scaphoid posture when compared to the intact 

state. Similarly, the lunate extended more in wrist extension and significantly more in 

wrist flexion when compared to the intact state. In radial-ulnar deviation there was an 

increase in scaphoid flexion and a significant increase in lunate extension when compared 

to the intact state. The larger angular change in carpal flexion-extension supports the 

notion that the SL ligament is the primary stabilizer of the SL articulation.2,12,13,15,26 The 

results of the current study are in agreement with the work of previously completed in 

vitro biomechanical studies showing that the complete sectioning of the SL ligament 

resulted in increased scaphoid flexion during wrist flexion and lunate extension during 

wrist flexion-extension.12,13,15,24 Our results showed that complete sectioning of the SL 
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ligament had a larger angular effect on carpal posture during wrist flexion when compared 

to extension, highlighted by the minimal change in carpal angulation during wrist 

extension. This suggests that the SL ligament plays a more critical role in scaphoid and 

lunate stability during wrist flexion when compared to extension. Our results agree with 

the work by Short et al.12,14 showing an increase in scaphoid flexion and lunate extension 

during all motion following the complete sectioning of the SL ligament in wrist radial-

ulnar deviation.  

After the additional sectioning of the STT ligament the carpals underwent further postural 

changes during wrist flexion-extension and radial-ulnar deviation when compared to the 

intact state. During wrist flexion there were significant increases in scaphoid flexion and 

lunate extension while in wrist extension only the lunate experienced significant angular 

changes when compared to the intact state. During wrist radial-ulnar deviation there was 

an increase in scaphoid flexion and a significant increase in lunate extension when 

compared to the intact state. Our results contrast the study completed by Short et al.12 who 

reported that sectioning of the STT ligament following the SL ligament caused no further 

changes in scaphoid and lunate kinematics during wrist flexion-extension. We also found 

that following the sectioning of the STT and SLIL ligament there was a further 0.5±0.3° 

significant increase in lunate extension during wrist radial-ulnar deviation. Our results also 

contrast the in vitro study performed by Short et al.15 who sectioned the STT prior to the 

SL ligament and reported no changes in scaphoid or lunate kinematics following the 

isolated disruption of the STT. The discrepancies in data could be due to methodology 

limitations of previous in vitro studies12,15 including the use of less accurate 

electromagnetic trackers and the more extensive removal of soft tissue structures prior to 

testing. Overall, our results support the notion that the STT ligament is a secondary 

stabilizing structure of the SL articulation and does cause further deviation from normal 

SL kinematics following injury.  

Sectioning the SL ligament followed by the STT and the RSC ligament caused 

supplementary changes in both scaphoid and lunate kinematics. During wrist flexion there 

was significant increases in scaphoid flexion and lunate extension when compared to the 
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intact state. We also found in wrist flexion that there was a significant increase in lunate 

extension following the sectioning of the RSC ligament compared to after the STT was 

sectioned. While in wrist extension similarly to the previous sectioning stages, the 

scaphoid underwent minimal postural changes while there was a significant increase in 

lunate extension when compared to the intact state. During wrist radial-ulnar deviation we 

found there to be a minimal increase in scaphoid flexion and a significant increase in 

lunate extension when compared to the intact state. Our results agree with previously 

completed in vitro studies showing that following the sectioning of the SL, STT, and RSC 

ligaments there is an increase in scaphoid flexion.12 The in vitro study completed by Short 

et al.14 investigated the effect of sectioning the RSC prior to the SL ligament and showed 

no changes in carpal kinematics during wrist flexion-extension or radial-ulnar deviation; 

however did conclude that sectioning the RSC in conjunction with the SL ligament results 

in angular carpal changes throughout larger portions of wrist motion. Our results show 

that sectioning the RSC ligament following the disruption of the SL and STT ligament has 

a significant effect on carpal kinematics particularly during wrist flexion and radial-ulnar 

deviation. These results support the hypothesis that the RSC ligament does play a 

secondary stabilizing role of the SL articulation with emphasis on stability of the lunate.  

The results of this study have shown that the sectioning of the SL ligament and secondary 

stabilizers causes a significant increase in scaphoid flexion during wrist flexion and a 

significant increase in lunate extension throughout wrist flexion-extension and radial-ulnar 

deviation. Given the angular changes observed in this study are smaller than those 

commonly encountered clinically, our findings suggest that there are additional soft-tissue 

secondary restraints that play a role in the stability and maintenance of normal SL 

kinematics. Currently a range of surgical repair techniques exist for SL ligament injuries 

including direct repair, capsulodeses, tenodeses, bone-ligament-bone reconstructions, 

arthrodeses, and SL screws5,17–19,27–32; however it is unclear which method of surgical 

repair effectively restores the native kinematics and range of motion. Our results provide a 

more accurate representation of how the kinematics of the scaphoid and lunate are altered 

following injury, providing insight as to which repair technique will optimize the patient’s 

outcomes.  
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The study presented within this chapter has limitations. In order to maintain 

reproducibility wrist motion was simulated in planar flexion-extension and radial-ulnar 

deviation; not accounting for all of the complex multiplanar motions of the wrist. 

Similarly, the mean angular differences in carpal kinematics were reported solely in 

flexion-extension not accounting for the rotational or translational motions of the bones 

following ligament sectioning. Future work will investigate the out of plane angular 

changes experienced by the scaphoid and lunate following the sequential sectioning of the 

SL ligament and secondary stabilizers. Additionally, although wrist motion was performed 

actively and loads were applied within a physiologic range33 it is an estimation of in vivo 

loading scenarios during simple motions rather than the loading which would be 

experienced with resisted motions or lifting heavy objects. This study only investigated 

the stabilizing role of the SL and secondary stabilizing ligaments in one sequence not 

evaluating the individual role of the STT and RSC ligaments on scaphoid and lunate 

kinematics. Future studies should reverse the order of sectioning to evaluate the effects of 

isolated sectioning of these structures. Finally, this study was limited to investigating the 

role of only two of the secondary stabilizers of the SL articulation. Future studies will 

investigate the influence of additional secondary stabilizer including the scaphocapitate 

ligament, short and long radiolunate ligaments, and the dorsal radiocarpal ligament on 

scaphoid and lunate kinematics.  

This study has several strengths. This investigation was able to simulate and analyze a 

greater range of wrist flexion-extension motion from ±45° compared to similar in vitro 

biomechanical studies only simulating 30° of wrist extension to 50° of wrist flexion.12,14,15 

Additionally, unlike similar studies that reported only the largest angular change in carpal 

posture following ligament sectioning we reported the mean angular change throughout 

wrist motion providing a more accurate depiction of the change in kinematics.12–16 

Furthermore, unlike other in vitro biomechanical studies, all soft tissue structures were left 

intact and the incisions were closed throughout testing. This was done to maintain tissue 

hydration and the soft tissue viscoelastic behavior more similar to an in vivo scenario. This 

study also utilized a highly accurate optical motion tracking system capable of quantifying 

real time kinematic measurements. 
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3.5 Conclusions 

The current biomechanical study supports the hypothesis that the SL ligament is the 

primary stabilizer of the scapholunate articulation, and that the STT and RSC are 

secondary ligamentous restraints. Sectioning the SL ligament caused the largest change in 

scapholunate kinematics during wrist flexion-extension and radial-ulnar deviation wrist 

motions. The additional sectioning of the STT and RSC ligaments induced further postural 

changes in scapholunate kinematics during planar wrist motions. Our results indicate that 

there are other soft-tissue ligamentous restraints that contribute to the maintenance of 

normal SL kinematics that were not investigated in this study. A more detailed 

understanding of the role and stabilizing function of the primary and secondary 

ligamentous structures surrounding the SL articulation may assist in the development of 

more effective treatment strategies and patient outcomes following a SL ligament injury.  
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Chapter 4  
 

4 General Discussion and Conclusions 

 

Overview 

This chapter summarizes the objectives and hypotheses outlined in Chapter 1, and the 

major conclusions of each study. The strengths and limitations are reviewed, as are the 

testing methods used to investigate carpal kinematics in the intact and injured state. 

Current and future research directions are discussed. 
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4.1 Summary  

This work was performed to improve the current state of knowledge of scaphoid and 

lunate kinematics during planar wrist motions in both the intact and injured states. This 

research elucidates the normal flexion-extension motion of the scaphoid and lunate in the 

native wrist, as well as following sequential sectioning of the scapholunate ligament and 

secondary stabilizers. The specific objectives outlined at the beginning of this work have 

been accomplished with results supporting previous hypothetical predictions, as well as 

some unexpected results.  

The objectives of this thesis were: 

1. To determine the normal kinematics of the capitate, scaphoid, and lunate during 

unconstrained wrist flexion-extension; 

2. To determine the effect of the scapholunate (SL) ligament sectioning on scaphoid 

and lunate motion throughout planar wrist flexion-extension and radial-ulnar 

deviation and; 

3. To determine the effect of the secondary stabilizers including: the 

scaphotrapezium-trapezoid (STT) ligament and radioscaphocapitate (RSC) 

ligament on scaphoid and lunate kinematics throughout planar wrist flexion-

extension and radial-ulnar deviation. 

The hypotheses and findings of the studies detailed in Chapter 2 and 3 which sought to 

fulfill the aforementioned objectives, are reviewed and summarized in the following 

sections.  
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4.1.1 Chapter 2: Biomechanical Evaluation of Carpal Kinematics During 
Simulated Wrist Motion 

The first objective of this thesis was to investigate the normal kinematics of the scaphoid, 

lunate, and capitate during unconstrained wrist flexion and extension. The goals of the 

objective were achieved through the use of a passive wrist motion simulator. The major 

flexor and extensor muscle groups were tone loaded and an investigator simulated planar 

wrist flexion-extension by passively moving each specimen through the desired range of 

motion. Optical trackers were affixed to the bones of interest in order to track wrist motion 

and capture carpal kinematics.   

The results described in Chapter 2 suggest a relative collaboration of the scaphoid, lunate, 

and capitate throughout planar wrist flexion and extension. Throughout wrist motion, the 

scaphoid contributed a greater extent to wrist motion when compared to the lunate. 

Scaphoid and lunate motion was found to correlate linearly with the capitate throughout 

wrist flexion-extension, with both carpals contributing more during wrist flexion 

compared to extension. In addition, the results show that the ratio of scaphoid and lunate 

rotation to wrist rotation decreases as the moves from flexion to extension, suggesting the 

radiocarpal joint plays a more critical role during wrist flexion and the midcarpal joint 

plays a larger role in wrist extension. The large magnitude of intercarpal motion between 

the scaphoid and lunate throughout wrist flexion and extension may account for the high 

levels of scapholunate ligament injuries relative to other intercarpal ligaments. These 

results confirm the first hypothesis that the scaphoid and lunate contribute at varying 

levels throughout wrist flexion and extension as stated in Chapter 1. 
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4.1.2 Chapter 3: Biomechanical Evaluation of the Scapholunate Ligament 
and Secondary Stabilizers on Scaphoid and Lunate Kinematics 

The second objective of this research was to determine the effect of SL ligament 

sectioning on scaphoid and lunate kinematics throughout planar wrist flexion and radial-

ulnar deviation. Similarly, the third objective of this thesis was to determine the effect of 

the two possible secondary stabilizers, the STT and RSC ligaments, on scaphoid and 

lunate kinematics throughout planar wrist flexion-extension and radial-ulnar deviation. 

The goals of the second and third objective were accomplished using an active wrist 

motion simulator, different from the simulator used in Chapter 2. Planar wrist flexion-

extension and radial-ulnar deviation was achieved via a force-position algorithm to apply 

force directly to the muscle tendons of interest. Optical trackers were attached to the bones 

of interest to track wrist motion and capture the kinematics of the scaphoid and lunate 

throughout wrist motion.  

The results discussed in Chapter 3 support the hypothesis, stated in Chapter 1, that the SL 

ligament is the primary stabilizer of the SL joint, as sectioning this structure caused the 

largest angular change in SL kinematics during wrist flexion-extension and radial-ulnar 

deviation. The results also support the hypothesis, stated in Chapter 1, that the STT and 

RSC ligaments are secondary ligamentous restraints to the SL joint, as sectioning these 

structures induced further postural changes in scaphoid and lunate kinematics throughout 

wrist flexion-extension and radial-ulnar deviation. Following sectioning of the SL 

ligament and secondary stabilizers, the scaphoid flexed significantly more during wrist 

flexion and the lunate extended more throughout wrist flexion-extension and radial-ulnar 

deviation. Additionally, there was a significant increase in intercarpal SL motion 

throughout wrist flexion-extension and radial-ulnar deviation. Each additional stage 

caused a small but significant increase in the relative rotation of the lunate with respect to 

the scaphoid in the direction of flexion during wrist flexion-extension and radial-ulnar 

deviation. As the angular changes recorded were significant but smaller than those 

encountered clinically, the findings within Chapter 3 suggest that there are likely 

additional soft-tissue restraints that contribute to the stability and maintenance of normal 

SL kinematics that were not evaluated in this study.  
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4.2 Strengths and Limitations 

Similar to all in vitro biomechanical studies, the work presented within this thesis had 

various strengths and limitations. Both studies had adequate power in spite of the 

relatively small specimen population likely due to the highly reproducible simulator and 

the use of a repeated measure ANOVA with multiple measurements acquired for each 

specimen. The studies presented within Chapters 2 and 3 utilized a highly accurate motion 

capture system which likely reduced measurement noise and increased reproducibility. 

Real time kinematic measurements permitted joint angle tracking throughout the entire 

tested range of wrist motion, which permitted the representation of dynamic wrist motion 

with a high resolution. Contrasting similar in vitro biomechanical studies, the present 

work maintained all soft tissues structures and any incisions were closed throughout 

testing, to more accurately mimic in vivo conditions. Chapter 2 and 3 were performed 

using different but both previously validated testing apparatuses accurately simulating 

planar wrist motions.  

The limitations of this thesis are similar to any in vitro biomechanical study using 

cadaveric specimens. To eliminate any unsuitable specimens, all wrists were examined 

prior to testing to rule out any underlying wrist pathologies using CT scans and 

fluoroscopy. Both studies only analyzed carpal kinematics during planar wrist motions 

and did not account for complex multiplanar motions such as dart throw and 

circumduction. Likewise, carpal kinematics were only considered in the plane of flexion-

extension, not taking into consideration the complex three dimensional movements 

occurring during wrist motion. This study analyzed wrist motion using both active and 

passive motion simulators. The study in Chapter 2 was performed using a passive motion 

simulator whereas the study in Chapter 3 was performed using an active motion simulator. 

The passive motion simulator produced wrist motions with the musculature tone loaded 

and an investigator passively manipulating the position of the wrist using a guiding track. 

Applying tone loads provides more clinically relevant results, however the magnitude of 

tone load which was added may not replicate loads encountered clinically. Additionally, 

human manipulation may result in varied movements and may result in externally applied 

forces and moments, affecting the reliability of the results. The active motion simulator 
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produced wrist motion by actively actuating musculature using physiologically accurate 

lines of action directly to the muscle tendon of interest. Pulling from the true line of action 

of the muscle reduces the potential for joint laxity and more effectively reproduces an in 

vivo loading scenario. While this simulator provides more reproducible motion pathways 

than a passive system it is unlikely that the loads applied precisely reproduce those that 

occur clinically. 
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4.3 Current and Future Directions 

The current studies have achieved the specific objectives outlined at the beginning of this 

thesis, providing a broad overview of carpal kinematics during planar wrist motions. 

Future work is needed to further investigate carpal kinematics in both the intact and 

injured state. 

Although the studies outlined in Chapters 2 and 3, measured carpal motion using six 

degrees of freedom they were limited to analyzing carpal kinematics in one plane, future 

work will report on the three dimensional rotational and translational carpal movements 

throughout wrist motion. This information will provide a better indication of how each 

carpal bone is moving in the intact state and how the kinematics are altered following 

injury. Similarly, future studies should study more complex multi-planar motions of the 

wrist joint including dart throw and circumduction; as these motions often occur during in 

vivo wrist motion. Additionally, future efforts should investigate the changes in articular 

contact at the SL joint following the sequential sectioning of the SL ligament and 

secondary stabilizers; which may aid in understanding the secondary degenerative 

outcomes that occur following a SL injury. 

Future work should also change the sequence of sectioning should be altered to permit the 

investigation of the individual stabilizing role of each ligament throughout wrist motion. 

In addition, future efforts should investigate the relative role of additional secondary 

scapholunate stabilizers including the scaphocapitate, short and long radiolunate, and 

dorsal radiocarpal ligaments on scaphoid and lunate kinematics. Additionally, future work 

should investigate the effect of cyclic loading following the sequential sectioning of the 

ligamentous structures, offering a more accurate simulation of an in vivo loading scenario 

with ligament attenuation over time. Following further investigation of the effect of the 

scapholunate ligament and secondary stabilizers on scaphoid and lunate kinematics, 

different scapholunate ligament repair and reconstruction techniques should be tested and 

compared.  
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4.4 Significance 

Carpal kinematics have been studied extensively both in vitro and in vivo, yet there 

remains no agreement regarding the relative contribution of each bone to total wrist 

motion. A more comprehensive understanding of carpal kinematics is also essential in the 

diagnosis and treatment of injuries of the hand and wrist. This information is of paramount 

interest as many injuries arising within the wrist present as an alteration of intercarpal 

motion. A more detailed understanding of carpal kinematics allows for a more effective 

evaluation of the wrist joint under both normal and pathological conditions. In addition, 

this research may assist in the design and development of prosthetic devices, and assist in 

improving the outcomes of partial wrist fusions and ligament reconstructions. 

Injuries to the scapholunate joint are one of the most common causes of carpal instability, 

accounting for a considerable degree of wrist dysfunction and pain. Isolated scapholunate 

ligament injuries often lead to cartilage wear, altered joint kinematics, and additional 

degenerative changes. Management of scapholunate ligament injuries aims to slow this 

degenerative process by facilitating ligament healing or reconstructing the ligament in an 

effort to normalize carpal kinematics and articular loading. As there is currently no 

definitive standard in treating scapholunate ligament injuries, recommendations often vary 

and frequently result in poor long-term outcomes for patients. A more thorough 

understanding of the individual role and stabilizing function of the scapholunate ligament 

and secondary stabilizers will assist in the development of more effective treatment 

strategies following scapholunate ligament injuries. 
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Appendices 

Appendix A – Glossary  

Active Motion Muscle forces to move a joint, force applied directly to the muscle 
group of interest. 

Anterior Directed to the front; opposite of posterior. 

Arthritis A disorder affecting the joints that can have a number of causes 
including inflammation, degeneration, or post traumatic. 

Arthroplasty The surgical reconstruction or replacement of a joint; restores function.   

Articular Surface Connection made between two bones within the body. 

Capsulodesis Orthopedic technique, joint capsule rigidly attached to a bone to 
reduce range of motion. 

Casting The act of encasing an extremity in a cast. 

Debridement Process of removing non-living tissue from a wound.  

Deviation Moving away from the midline of the body. 

Dislocation Displacement of a bone from its native articulation within a joint. 

Distal Located away from the origin or line of attachment. 

Extension Motion moving two segments of the body apart.  

Fixation The act of holding, suturing, or fastening an extremity in a fixed 
position. 

Flexion Motion bringing two segments of the body closer together.  

Inferior Located below, or directed downwards. 

In vitro Latin; an experiment or process conducted outside of a living 
organism.  

In vivo Latin; an experiment or process conducted within a living organism. 

Lateral Directed away from the midline of the body.  
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Ligament Fibrous connective tissue that connects bone to bone; supports and 
strengthens joints. 

Medial Directed towards the midline of the body.  

Osteoarthritis Degeneration of articular cartilage; results in adaptive bone stiffening 
and reduces joint functionality. 

Posterior Directed to the back, opposite anterior. 

Proximal Located towards the origin or line of attachment. 

Pronation At the forearm, hand and upper limb turned inwards.  

Splinting The act of encasing an extremity in a splint; rigid fixation technique. 

Subluxation Incomplete or partial dislocation of a joint. 

Superior Located above, or directed upwards. 

Supination At the forearm, hand and upper limb turned outwards. 
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Appendix B – Carpal Tracker Mounts 

 
Figure B-1: Scaphoid Tracker Mount. Illustration of the scaphoid tracker mount inserted through a volar 
incision over the tuberosity. Secured with  2.7mm cortical bone screws. 
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Figure B-2: Lunate Tracker Mount. Illustration of the lunate tracker mount inserted through a dorsal 
incision over the midpoint of the body. Secured with  2.7mm cortical bone screws. 
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Figure B-3: Carpal Tracker Mount.  Drawing used to machine the carpal tracker mounts. The mounts 
were designed with three degrees of freedom allowing for variable set up. Accounts for inter-specimen 
variability and visibility issues. 
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Appendix C – Carpal Coordinate System Construstion 

Background 

The International Society of Biomechanics (ISB) recommends carpal coordinate systems 

for each bone to be aligned with the radial coordinate system when the wrist is in the 

neutral anatomical position, when the long axis of the third metacarpal and radius are 

parallel. The volumetric centroid of the bone is defined as the origin of each carpal 

coordinate system. This method accounts for the variations between the different carpals, 

and relates the coordinate systems to the relative geometry of the wrist.  

Digitization and Registration 

Following the completion of the investigation, the bones of interest were resected and 

isolated. The surface of the scaphoid, lunate, and capitate third-metacarpal were traced 

using an optical stylus (Certus Optotrack, Northern Digital Inc., Waterloo, Canada) and 

saved as a point cloud. A CT scan of each carpal bone was obtained and modified using 

ParaView, an open source application, to create an equally distributed surface mesh of the 

surface. Using custom software, the mesh created from the CT scan and the digitization 

mesh were reoriented and registered into the same frame using a least-squares data fitting 

algorithm with visual confirmation. All digitization points were discarded and the 

registered surface mesh was averaged to obtain the volumetric centroid and serve as the 

origin for each carpal coordinate system.  

Coordinate Systems Construction 

To report relative carpal kinematics during wrist motion, we determined the 

transformation required to bias the initial set of carpal data to the neutral reference frame. 

To construct this transformation, a regressive search algorithm was used to determine the 

instance of most neutral wrist position, obtained from the third metacarpal with respect to 

the radius, and a 4x4 transformation matrix was constructed using the origin of the carpal 

of interest and the 3x3 rotation matrix of the radius (Fig. C-1) 
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Figure C-1: Construction of the Neutral Carpal Frame 

 

Following the construction of the neutral carpal frame, the transformation required to 

convert the original data from to the neutral frame can be calculated. Both frames share 

the same origin resulting in a rotation bias to convert one to the other. This transformation 

was collected for each carpal bone and applied to each frame within the data set.  

!"#$ = 	 !#$ !"##  
 

Where: 

 !"#$     Neutral carpal frame with respect to global 

 !"#     Original carpal frame with respect to global 

!"##     Original carpal frame with respect to neutral carpal frame 

 

By rearranging the equation we are able to isolate the necessary transformation, and apply 

it accordingly: 

!"## = 	 !#& '( !"#&  
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