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Abstract 

Research development involving large scale joint mechanics and biomechanical adaptations is 

growing. However, interest in smaller scale joints, such as the fingers, is limited. Thus, the 

present work describes the enhancement and clinical application of a previously designed in-

vitro active finger motion simulator in measuring and assessing intrinsic joint kinematics and 

tissue biomechanics including load transfer and strains induced tissues within the finger. 

Accuracy of electromagnetic tracking (EM) systems were evaluated compared to the standard 

optical tracking systems and used to develop motion derived finger joint coordinate systems. 

Moreover, minute strain gauges were utilized to measure strains induced by the volar plate. 

Multiple in-vitro studies involving zone I and II injuries and repairs were evaluated where joint 

motion kinematics, tendon loads, work of flexion (WOF), and volar plate strains were 

measured. Strains, tendon load, and WOF increased with each progressive injury simulation. 

Joint kinematics were also significantly influenced with each injury simulation. Subsequent 

repair of the injuries restored metrics to the near-normal state. The active motion system and 

the present work advances the knowledge on finger biomechanics and provides researchers 

with a more detailed and refined insight on the overall effect of different innovate surgical 

techniques, rehabilitation protocols, and traumatic injuries on the biomechanics of single, or 

multiple, internal structures. 

 

Keywords 

Active Motion Simulator, Tendon, Strain, Biomechanics, Joint Kinematics, In-vitro, Cadavers, 

Force, Volar Plate. 
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Summary for Lay Audience 

The finger is composed of a series of small delicate group of bones, soft tissues, and joints that 

function together to simulate smooth motion. They are subjected to injuries every day and thus, 

proper knowledge of the internal structural integrity and the biomechanics of the finger is 

important for the further development of more advanced and reliable surgical and rehabilitation 

protocols. There is currently limited advanced research on the biomechanics of the finger, 

despite how susceptible they are to injury. Previous studies have used different passive and 

active-assisted motion methods to study the impact of different surgical techniques or suture 

types. However, the use of a well enhanced device for mimicking and controlling true active 

finger motion in the literature is lacking. A rigorous framework and understanding of how 

metrics are biomechanically influenced by different injury conditions and motions is vital. 

Misguided information or lack of knowledge can result in the overall diminishing of a patient’s 

quality of care and life. In addition, the use of a standardized design for biomechanical and 

joint testing will result in more reliable findings between different groups. The purpose of this 

work is to further enhance a previously developed fully simulated active motion system 

capable of quantifying and accurately assessing finger motion and load transfers across tissues 

in order to contribute to the ongoing research in finger biomechanics. 
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Nomenclature 

G0(x0,y0,z0)   Global frame and associated axes (World) 

𝐺𝑅 
𝐹 (𝑥𝑅 

𝐹 , 𝑦𝑅 
𝐹 , 𝑧𝑅 

𝐹 ) Local frame and associated axes of segment ‘R’ obtained with respect 

to a local frame definition ‘F’.  

𝑆𝑥
𝑦

   Motion tracking sensor x about sensor y of interest (where ‘x’ and ‘y’ 

are defined as sensors 1, 2, 3, or 4 representing the sensors in the distal, 

middle, proximal, and metacarpal finger segments, respectively).  

𝑅𝑥
𝑦

   Rotation matrix of segment x about segment y, where x and y denote 

the tracking sensor associated with the segment of interest.  

�̂�𝑥
𝑦

  Unit direction vector computed using helical axes of segment x about 

segment y, where x and y denote the motion sensor associated with the 

segment of interest.  

𝑂𝑗 The origin of joint ‘j’ or the point midway between the center of the  

distal and proximal epiphysis (variable ‘j’ can be defined as DIPJ, 

PIPJ, MCPJ, and CMCJ) 
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Chapter 1  

1 Introduction and Literature Review 

OVERVIEW: This chapter begins with a review of the basic anatomy and biomechanics 

of the finger and then continues with an overview of injuries induced by flexor tendons, 

extensor mechanism, volar plate, and surrounding ligaments. Literature review regarding 

joint coordinate frame quantification and the various joint motion and kinematics tracking 

systems is discussed. This is followed by the literature review of state-of-the-art past and 

ongoing biomechanics simulators. This chapter concludes with the purpose behind the 

work and the objective toward enhancing the previously validated active finger motion 

simulator and its use in analyzing finger joint kinematics and measuring forces and strains 

induced by the tendons and tissues within the finger.  
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1.1 Overview of the Human Hand 

The hand is one of the most intricate and significant components of the human body. It 

represents a mechanism of great complexity and is intimately concomitant with the human 

brain and the development of an individual.1 With any mechanism, whether active or 

passive, functional capabilities often relate both to structural characteristics and function. 

Similarly, the hand functions as a product of multiple complex interactions between the 

motion simulated by different musculature and tendons, the stability provided by delicate 

ligaments, and the assembly formed by different bone and joint structures.2 Therefore, the 

hand, amongst all other body parts, is an assembly that is heavily reliant on the proper and 

composed integrity and the flexibility of its surrounding joints, tissues, and driving 

mechanisms. Variations in its true anatomical structure through injuries or disorders can 

negatively affect the overall function of the hand. Therefore, fine understanding of the hand 

anatomy is important before assessing the root cause of structural variability. This research 

chapter will provide a detailed description of the skeletal anatomy of the human hand; 

including a thorough bone, tendon, and ligament focus on their contribution to certain 

disorders such as swan neck deformities and pulley loss. In addition, due to slight 

anatomical variations in the first and fifth digits (thumb and the small finger), both 

structures and their individual functions were omitted from this research. 

1.2 Structure of the Hand  

1.2.1 Bones 

The bone structure of the hand is comprised of two groups; carpal bones, consisting of 

eight bones that make up the wrist and root of the hand, and the digit bones, or fingers, 

each comprised of its metacarpal and their individual phalangeal segments (Figure 1.1) 3. 

The carpal bones are effective for the flexion and extension of the hand, allowing for both 

precise and powerful grasping. Traditionally, the carpal bones are considered part of the 

wrist joint as they contribute to the stability and motion of the wrist in the sagittal and 

coronal planes 2. The phalanges and metacarpals however, move relative to one other and 

are effective for individual finger motion in the sagittal plane. There are three phalanges 



3 

 

 

 

 

that make up the structure of the finger; the proximal, middle, and distal phalanges4. Each 

with varying lengths but similar in their structural organization and function.  

                     

Figure 1.1 - Bone Anatomy of Hand 

The bone structure of the hand including the wrist, metacarpals, and the individual 

phalanges are illustrated.  

1.2.2 Interphalangeal Joints 

The gaps formed between the second to fifth metacarpal base and phalangeal articulate 

with each other by small, self-lubricating cartilage covered surfaces, connected and 

supported by surrounding ligaments forming joints. There are three joints that form the 

finger; the metacarpophalangeal joint (MCPJ), proximal interphalangeal joint (PIPJ), and 

the distal interphalangeal joint (DIPJ) (Figure 1.2)5. Finger joints allow for the smooth and 

controlled flexion and extension of the fingers. The maximum flexion angle achieved by 
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joints is considerable yet vary with joints having a more extensive range between the first 

and second phalanges than between the second and third.  

1.2.2.1 Metacarpophalangeal joints (MCPJ) 

The MCPJ, commonly referred to as the knuckle, is the first and most proximal joint where 

the base of the metacarpals meets with the proximal phalanx. The structure of the joint 

allows for an average palmar flexion of 90° to 120° respectively from the index finger to 

the little finger. Such range of motion (ROM) of the joint permits the dorsal tip of the finger 

to reach the palm of the hand 6.  

1.2.2.2 Proximal Interphalangeal Joints (PIPJ) 

The PIPJ joint is the second, and middle joint, formed between the distal end of the 

proximal phalanx and the proximal end of middle phalanx. The joint allows for an ample 

palmar flexion of approximately 110° on each finger 6. 

1.2.2.3 Distal Interphalangeal Joints (DIPJ) 

The DIPJ is the third, and most distal, joint. Anatomically, the proximal and distal 

interphalangeal articulations are very similar with some minor differences in the structure 

of the surrounding ligaments and tissues that stabilize the joint; leading to smaller 

dimension and reduced palmar flexion of approximately 70° on each finger 6,7. 

 

Figure 1.2 - Finger Joints 
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The three joints of the finger that form between the different bone segments are 

illustrated.  

1.2.3 Muscle and Tendons 

Most of the muscles responsible for wrist and finger motion originate in the forearm. 

Anatomically, the forearm can be divided into two compartments: anterior and posterior 8. 

The anterior sector contains the group of muscles responsible for the flexion of the wrist 

and digits, and the supination of the forearm. The muscles that flex the digits include the 

flexor digitorum profundus (FDP), flexor digitorum superficialis (FDS), and the flexor 

pollicis longus (FPL). Structurally, The FPL muscle attaches to the thumb as it inserts into 

the distal phalanx, flexing the interphalangeal and the metacarpophalangeal joints of the 

thumb 9. In contrast to the anterior subgroup, the posterior sector contains the subset of 

extensor muscle that assist in the pronation of the forearm and counteract the flexion 

motion achieved by the flexor muscles in the digits. Such muscles include the extensor 

digitorum muscle, more commonly referred to as extensor digitorum communis (EDC) 10.  

Both sets of muscles, either located anteriorly or posteriorly, are adjoined to the 

individual digits, or bone segments, by fibrous connective tissues known as tendons. 

Tendons are thin and delicate structures that function by continuously transmitting forces 

from muscle to bone 11. Similar to the muscle groups, tendons within the hand run along 

the palmar and dorsal side of the hand and are subcategorized into two tendon groups: 

flexor and extensor tendons, each with distinct lengths, insertion points, and function but 

work collectively to achieve digit flexion and extension (Figure 1.3)12,13. 
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Figure 1.3 - Flexor and Extensor Muscles 

A posterior view (left) and anterior view (right) of the forearm are illustrated where the 

extensor and flexor digitorum muscles are highlighted in red. 

1.2.3.1 Extensor Digitorum Communis Tendon 

The extensor digitorum communis tendon, or EDC tendon, is the primary source of digit 

extension for the second to fourth digits (index to ring). The tendon arises posteriorly from 

the EDC muscle and extends distally to the distal phalanx; inserting at multiple points along 

the digit 10. 
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1.2.3.2 Flexor Digitorum Profundus Tendon 

The flexor digitorum profundus tendon, or FDP tendon, arises from the FDP muscle in the 

forearm and extends anteriorly and distally to its insertion point at the tip of the distal 

phalanx (Figure 1.4), primarily flexing the PIPJ and DIPJ along the way 14.   

1.2.3.3 Flexor Digitorum Superficialis Tendon 

The flexor digitorum superficialis tendon, or FDS tendon, is the second anterior flexor 

tendon that arises from the FDS muscle in the forearm. Unlike the FDP , FDS’s insertion 

point extends only as far as the middle phalanx, primarily flexing the PIPJ only along its 

line of action 14. 

 

Figure 1.4 - Flexor and Extensor Tendons 

The tissue and sheath are excluded to illustrate the complexity of the flexor (red: 

profundus, blue: superficialis) and extensor (yellow) tendon mechanism in the finger. 
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1.2.4 Flexor Tendon Zones 

The anatomical relationship of the flexor tendons is usually discussed in terms of zones, 

shown in figure 1.5 below. The five zones shown were classified as distal to proximal 

boundaries in which prognosis is most influenced by following flexor tendon injury and 

repair 15–17. Zone I consists of the FDP tendon only and is bounded proximally by the 

insertion of the FDS tendon and distally by the insertion of the FDP tendon into the distal 

phalanx. Zone II involves the proximal third of the proximal phalanx and the site where 

FDS tendons split into two slips allowing the FDP to pass through. These slips then divide 

around the FDP tendon and reunite on the dorsal aspect of the FDP, inserting into the distal 

end of the middle phalanx 18. The site of bifurcation is referred to as ‘Camper chiasm’. 

Moreover, zone II is commonly referred to as ‘no man's land’; a  term indicating the 

frequent occurrence of complications and restrictive adhesion bands that develop around 

lacerations in this area 19. Proximal to zone II, the FDS tendons lie superficial to the FDP 

tendons. Zone III extends from the distal edge of the wrist to the proximal edge of the 

MCPJ, which is the entrance of the tendon sheath. Zone IV includes the wrist carpal and 

its contents, and Zone V extends from the origin of the flexor tendons at their respective 

muscle bellies to the proximal edge of the wrist 20. 
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Figure 1.5 - Zones of Hand 

The degree or site of injury in the hand is commonly represented by zones from 1 to 5.  

1.2.5 Flexor Pulleys  

The digital flexor pulley system is a complex structure composed of pulleys made of 

fibrous tissue condensations, encircling the flexor tendons through fibro-osseous channels 

that function by maintaining flexor tendons close to bone 21. Thus, enabling the linear 

forces developed in the flexor muscle–tendon unit to be converted into rotation and torque 

at the finger joints 22. There are five annular (A1–A5) pulleys that run along the digit in 

descending order from proximal to distal, each with distinct insertion points and size 

(Figure 1.6) 23. The A1, A3, and A5 pulleys originate from the volar plate and adjacent 

bony surface of the MCPJ, PIPJ and DIPJ, respectively. The A2 and A4 pulleys originate 
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from, and insert directly onto the bone surface of the proximal and middle phalanges, 

respectively 24,25. Loss of one or multiple pulleys through injury or rupture can lead to 

tendon bowstringing 26. Tendon bowstringing is a condition where the tendon that was 

previously held adjacent to bone, translates away from the center of rotation of the joint; 

altering the flexion moment arm of the joint and therefore, resulting in a loss of strength 

and a decreased range of motion 27 . Mechanically, the A2 and A4 pulleys are recognized 

to be strongest and stiffest pulleys than the A1, A3, and A5 pulleys. 28,29. In addition, the 

A2 and A4 pulleys are clinically known to be the most important pulleys for ensuring 

optimal transmission of forces, therefore, critical for the prevention of bowstringing 30–32. 

The A3 pulley also serves an important role in regulating the degree of tendon 

bowstringing, as well as, it is essential in maintaining the tendons adjacent to bone due to 

its close positioning at the PIPJ 33.  

 

Figure 1.6 - Flexor Pulleys 

The five flexor pulley (highlighted in green: A1 – A5) that hold the flexor tendons in place 

as illustrated along the finger.  

1.2.6 Ligaments 

Ligaments are strong bands comprised of fibrous connective tissues that function by 

maintaining close connection of bone  for join stability 34. The ligaments in the hand and 

wrist are categorized into intrinsic and extrinsic groups and are also placed into broader 

categories such as: radiocarpal, ulnocarpal, distal radioulnar, intercarpal, and 
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carpometacarpal ligaments. However, for the sake of relevancy, there are two ligaments, 

1) the retinacular ligaments, and 2) the volar plate that play an important role in the proper 

stabilization of the PIPJ and thus, will be discussed.  

1.2.6.1 Retinacular Ligaments 

The retinacular ligaments, or commonly known as Landsmeer retinacular ligament, is small 

and has two bands; the oblique and transverse ligaments 35. The oblique originates on the 

lateral volar side of the proximal phalanx and attaches dorsally to the common extensor 

tendon 36. The transverse ligament however has a shorter course and originates and attaches 

closer to the joint line and inserts on the lateral side of the proximal phalanx. Mechanically, 

both ligaments aid in the smooth motion of the PIPJ with respect to the DIPJ during digit 

flexion and extension. Their anatomical structure and elasticity allows for the 

reinforcement of surrounding tissues; ensuring proper PIPJ stabilization during extension 

35. Contracture of the ligaments would lead to the volar translation of the lateral bands, 

resulting in a boutonniere deformity 37.  

1.2.6.2 Volar plate 

The volar plate is the strongest ligament in the finger. By forming the floor of the PIPJ, the 

volar plate (1) provides crucial stability against hyperextension, lateral displacement, and 

torsional forces that act on the PIPJ; (2) acts as a meniscus between the middle phalangeal 

base and proximal phalangeal head; (3) forms part of the lining of the PIP joint; and (4) 

provides a smooth gliding surface for the flexor tendon over the joint 38–41. Loss or injury 

to the volar plate can lead to laxity and hyperextension of the PIPJ. Left untreated, and it 

can ultimately lead to a swan neck deformity. 

1.3 Traumatic Injuries 

Injuries pertaining to the hand due to trauma are common and in some cases, difficult to 

overcome. In fact, hand injuries account for approximately 20% of patient visits to the 

emergency room 42. As a result, they impose a large economic burden of $740 million U.S. 

dollar annually and rank first in the order of most expensive injury types 42. Hand or finger 
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pain is an enervating health concern and depending on the degree of severity, can result in 

an overall decrease in the quality of life and independence of those affected. Four of the 

most common traumatic injuries to the hand or finger include: flexor tendon laceration, 

flexor pulley rupture, extensor tendon tears at the distal joint resulting in mallet finger, and 

when left untreated, develops into a swan neck deformity.  

1.3.1 Flexor Tendon Tear 

Tendon injuries in general are relatively common, significantly disabling greater than 

100,000 people in the United States annually and incurring a cost of up to $409 million 

U.S. annually for tendon injuries alone 43,44. An estimated 24.9% of acute traumatic tendon 

injuries occur due to work-related injuries, 14.4% due to food preparation and serving 

related incidences, and 12.5% due to transportation and material moving occupations 45,46. 

Flexor tendon injuries remain a formidable challenge for surgeons due to three main 

reasons. Firstly, flexor tendons have limited vascularity and are nourished mainly by 

synovial fluid. Hence, unlike other tendons in the body, flexor tendons are among the 

body's tissues with the poorest healing potential 47. Therefore, surgical intervention where 

the two ends of the tendons are surgically brought together for healing is imperative for 

proper tendon repair. Secondly postoperative management needs to be carefully planned 

as mobilization has shown to be essential to prevent scar tissue, or adhesions, from 

forming; risking chances of post-op tendon rupture 48–50. Lastly due to the unique anatomy 

of the tendons running through flexor pulleys to function, surgeons need to avoid 

increasing the bulkiness of the tendon through its sheath, which is not always possible from 

scarring as this affects the functional outcome of the tendon 51,52. 

1.3.2 Flexor Pulley Rupture 

Injuries sustained by pulleys are quite common and occur more frequently within rock 

climbers than other sports or activities. These injuries are the result of slips or falls in which 

body weight was abruptly transferred to the flexed pulley system 53,54. Approximately 40% 

of all climbing injuries clinically documented involve the fingers, where 20-26% of which 

are directly related to pulley injuries 55,56. Injuries can include full or partial tears of one or 
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more annular pulleys; significantly impacting digital performance. Biomechanical 

disorders can include bowstringing, decreased ROM of joints, and flexion contractures 57–

61. Many previous studies have delineated the importance of the A2 and A4 pulleys in 

maintaining proper finger biomechanics and reducing tendon bowstringing 62–66. 

Anatomically, these pulleys shield a proportionally large area of the flexor tendons and 

therefore, preserving the integrity of both pulleys is important for healthy joint motion. 

Surgical reconstruction of pulleys generally involve harvesting a tendon graft from the 

same specimen and using a single, double, or triple loop technique to construct artificial 

pulleys around the proximal and middle phalanges 67–70.   

1.3.3 Mallet Finger 

Commonly referred to as mallet finger, drop finger, or baseball finger, terminal extensor 

tendon injuries are one of the more common types of hand injuries 71,72. The deformity is 

generally a high energy injury sustained in sports and elicited by the accidental laceration 

or rupture of the extensor tendon at the DIPJ 73,74. Due to the impairment of the extensor 

tendon mechanism, active extension of the distal phalanx is constrained and depending on 

the severity of the laceration, a patient can suffer from acute (0-10°) or severe (>25°) loss 

of DIPJ extension. The resulting imbalance between the flexor and extensor tendon 

mechanism can eventually lead to an early or late swan-neck deformity which can result in 

further loss of function 75–77. Therefore, once induced, it is crucial for the integrity of the 

extensor tendon mechanism at the DIP joint to be restored. Surgical intervention to correct 

chronic mallet fingers is highly dependent on the severity of the deformity and can range 

from a conservative approach using a cast or splint therapy to help regain loss, to a more 

invasive approach involving surgical repair of damaged tissues or a full joint arthroplasty 

78–84.  

1.3.4 Swan Neck Deformity  

Swan neck deformity, or SND, is a condition characterized by the permanent 

hyperextension of the PIPJ and the flexion of the DIPJ within a finger (Figure 1.7)85–87. 

There are several triggers that provoke the joints into a ‘swan neck’ state. Such causes 
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include neurological conditions, autoimmune disorders, rheumatoid arthritis, or other 

disorders and can originate at MCPJ, the PIPJ, or the DIPJ 88–93. The imbalance within the 

internal structures of the digit results in the weakening of the volar plate ligament shielding 

the PIPJ and the translation of the retinacular ligaments which overtime, develops into the 

characteristic deformity 94,95. Similar to mallet finger, SND correction can be made through 

a variety of nonsurgical and surgical treatment modalities used to rebalance the forces and 

restore the motion of the impacted joints 96,97.  

 

Figure 1.7 - Mallet and Swan Neck Deformity 

The progression of a swan neck deformity as a result of an untreated mallet finger injury. 

In contrast to the healthy finger, a swan neck results in a hyperextension of the PIPJ and 

a flexion of the DIPJ.  

1.4 Finger Joint Kinematics 

1.4.1 Overview 

The range of motion achieved by the different interphalangeal joints are dictated by the 

type of joint. The DIP and PIP joints are simple hinge joints that allow for only pure 



15 

 

 

 

 

flexion-extension of the joint with small deviations in the lateral and axis rotations 98. The 

MCP joint however is a diarthrodial joint where the large convex head of the distal aspect 

of the metacarpals articulate with the concave-shaped proximal aspect of each phalange 

allowing for movement beyond flexion-extension such as abduction, adduction, and 

limited circumduction 99.  

1.4.2 Coordinate System Definitions 

Assessment of finger kinematics is relevant to many domains in biomechanics such as hand 

rehabilitation and finger modelling100,101. To measure joint kinematics, a clear and accurate 

assignment of a cartesian coordinate frame describing the joint’s absolute and relative 

position and orientation within all three axes is required. Generally, joint kinematics are 

deduced using the relative motions between the distal and proximal segments of the finger. 

Once a local frame has been established for each segment, the three commonly used 

methods in biomechanics for dynamic finger kinematic measurement include using: i) 

reference frames, ii) anatomical frames, and iii) functional frames 102. However, because 

the hand is composed of many relatively small segments, consensus on the most accurate 

method for representing joint kinematics is still being evaluated. 

1.4.2.1 Reference Frame 

The reference frame definition corresponds to the static alignment of the anatomical axes 

with an external global axes frame 102.  

1.4.2.2 Anatomical Frames 

The anatomical frame definition corresponds to the building of the anatomical axes using 

specific palpated bony landmarks and the global axes. Similar to references frames, 

anatomical frames are done in the static postural pose of the interphalangeal segments of 

interest 102. The implementation of this definition has been used widely across finger 

kinematic studies and was first adapted from the proposition of the International Society 

of Biomechanics (ISB) 103.   
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1.4.2.3 Functional Frames 

The functional frame definition corresponds to the implementation of a function flexion-

extension axes and global axes. In contrast to the reference and anatomical frame 

definitions, functional frames are implemented using dynamic motion where the flexion-

extension axes are quantified as the helical axes, or the relative orientation of the proximal 

and distal markers, during motion 102.  

1.4.3 Tracking Systems 

With the advancement and increase in tracking technology, there are a variety of methods 

currently adopted for measuring and reporting in-vivo and in-vitro joint kinematics of 

which most predominately include, but are not limited to, inertial sensors, goniometers, 

image-based tracking, electromagnetic tracking, and optical tracking. 

1.4.3.1 Inertial Measurement Units 

Inertial measurement units (IMU) are common and deemed well suited for motion 

measurements in clinical settings in comparison to other tracking methods, as they are 

small in size, wearable, and capable of long-term data collection, whilst preserving power 

consumption and minimizing cost 104–107. IMUs are composed of accelerometers and 

gyroscopes to provide a direct estimate of joint angles in a three-dimensional space 108. 

However, accurate estimation of joint angles is, in some case challenging due to drifting of 

the gyroscope, sensor to segment misalignment, and motion artifacts 109. In addition, IMU 

sensors readings are noisy and may have bias. Drift can lead to physically unrealizable 

joint angle estimates. To avoid this, a common method used in many studies to correct 

gyroscope drift include introducing and applying additional kinematic constraints to the 

estimation model 110–112. However, this method would require additional parameters such 

as sensor position and limb length to be known. Another major issue with IMUs is their 

sensitivity to misalignment. Joint angles should be measured in the anatomical joint 

coordinate system; any misalignment between the sensor local frame and the anatomical 

joint frame may lead to error. An exact positioning of the sensor or a calibration procedure 

is needed for best results 113. Although these methods can improve accuracy, they are time 
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consuming and the precision depends on the accuracy of the motion executed by the subject 

114.  

1.4.3.2 Goniometer 

A common method of joint mobility assessment is the measurement of joint range of 

motion, or flexibility, using a universal goniometers 115. Goniometers measure both passive 

and active joint ranges by comparing the angle of two bones relative to one another 116. 

Joints measured can range from larger extremities, such as a shoulder or knee, to smaller 

and more delicate joints such as the elbow or finger 117–119 . By aligning the stationary and 

movable arms of the device with specific bony landmarks on either side of the joint, the 

full extent of joint mobility can be measured in degrees. This method allows for a simple 

means to measure joint angle for in-vitro specimens since calibration is not required for the 

instrument. The largest drawback of using a goniometer is the substantial estimation errors 

of the position of the joint segments by the operator. In addition, some of the center of 

motion of some joints tend to translate with flexion/extension, however, this is usually not 

a concern when dealing with joints as small as the finger.  

1.4.3.3 Computed Tomography  

Computed Tomography, or more commonly known as CT, is a computerized x-ray 

imaging procedure that uses motorized x-ray beams that are aimed at a patient and quickly 

rotated around a section of the body to generate static cross sectional images or ‘slides’ of 

the body 120. Each image taken is transmitted to a computer, and when digitally stacked 

with a number of successive others, generates a clear three-dimensional image of the 

segment of the patient that was intended to be captured. With every full rotation of the 

beam, the computer in which the CT relays information to, uses complex mathematical 

techniques to construct an individual 2D image slide of the patient 121. Once one slide is 

accurately constructed, the x-ray scanning process is then repeated to produce another 

image slide. This process is repeated until the desired number of slides to properly construct 

a three-dimensional image is collected. The use of CT imaging in studies measuring joint 

kinematic is currently on the rise 122,123 . With a proper joint motion protocol conducted, 
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joint ranges of motion and angles can be determined by recording two separate static joint 

positions and subsequently, using a computer to measure the change in joint angle between 

the two individual images 124. Although more time consuming, CT scans provide a high 

standard in imaging quality, accuracy, and repeatability. However, the biggest drawback 

of CT imaging is the exposure of high amounts of ionizing radiation that over time, can 

cause threating biological and mutational effects in living tissue 121.   

1.4.3.4 Image Based Tracking 

Similar to CT imaging, image based tracking, or video tracking, is the procedure in which 

a sequence of images or slides are taken from a video source through small skin markers 

attached to a portion of the body of interest, and stitched to one another to track the overall 

kinematics of the joint motion and trajectories 125. However, unlike CTs, image-based 

tracking rely on dynamic captured motion of a patient or body segment throughout a 

selected course of time. Although used for joint kinematic analysis, this method of motion 

tracking is more commonly intended for studies involving gait analysis 126. In addition, the 

risk of losing image quality can arise from loss of image depth and scale, reflective 

ambiguities where multiple poses produce similar images, and lost observations due to 

occlusions of limbs during motion  

1.4.3.5 Electromagnetic Tracking Systems 

Electromagnetic tracking using miniaturized electromagnetic sensors is widely used in 

current clinical practice 127–129. Examples include surgical interventions, motion tracking, 

and implant reconstruction studies 130–135. Electromagnetic tracking, or EM for short, is a 

system that functions by emitting electromagnetic fields through a transmitter, which is 

then captured and read by receiving coils located in minute 6 degree-of-freedom (DOF) 

sensors. By locating the sensors, the EM system can calculate and determine the position 

and orientation in real time, with respect to the position of the transmitter 136. Unlike most 

other tracking methods, EM does not require direct interface between the receiver (sensor) 

and the transmitter to correctly locate its whereabouts in space. However, as the tracking 

system depends on an electromagnetic field, the tracking accuracy is heavily affected by 
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excessive electrical noise and magnetic field distortion 137. The cause of noise can be from 

both internal and external sources. Internal sources can include variations in measurement 

timing, algorithm errors, etc. External sources tend to have a larger effect on the 

measurement noise as they include metallic objects within the field, noise generated by 

electrical circuits, fluorescent lighting, power supplies, and wiring with current that varies 

over time 135,138. In addition, magnetic field strength decreases with distance from the 

generator. Therefore, as the distance between the EM transmitter and the EM sensor 

increases, the uncertainties including bias and jitter error of the EM system measurement 

become bigger 135,139 . 

1.4.3.6 Optical Tracking Systems 

Unlike EM systems, optical tracking systems rely on infrared waves emitted by at least two 

cameras as a source of communication between its sensors and its system unit 140. There 

are two forms of sensors associated with optical tracking: passive and active sensors. 

Passive sensors are generally spheres or surfaces that reflect infrared light emitted from the 

cameras without the need of an external power source. Therefore, direct contact between 

the cameras and the sensors is required for the retrieval of the position and orientation of 

the sensors, with respect to a fixed frame of reference. However, there is a risk of error due 

to potential unwanted noise from reflective surfaces in the field of view of the camera 

which requires filtering from the data collected. Active markers however, contain light 

emitting diodes (LEDs) that emit their own infrared light requiring a power source from 

either a battery or the terminal 141. The intensity of light from an LED allows the point of 

recognition to be much smaller than a passive marker and therefore, lowering the risk of 

relative error when recording. By linking multiple sensors and assignment them to specific 

bones or important bony landmarks, joint motion and kinematics can be determined using 

relevant body segment coordinate systems and inverse kinematics within a computer 

program to determine the accurate 6D position and orientation of the joints 142,143. With 

such configuration, the system is able to correctly generate and display the position and 

orientation of a joint or bone of interest to the user. 
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1.4.4 Joint Frame Quantification  

Joint rotations are typically quantified using Euler angles where each angle corresponds to 

motions observed along its assigned axis144–146. As per ISB’s recommendation, the origin 

of a coordinate system is defined as the center point along the bone segment; midway 

between the center of the distal and proximal heads of the bone103. The common +Z-axis 

is derived  as the flexion-extension axis of the finger segment and is directed radially103. 

The +Y-axis is derived as the line parallel to the line from the center of the distal head to 

the midpoint of the metacarpal and is directed proximally down the bone segment103. 

Finally, the +X-axis is  defined such that the X-Y plane creates a sagittal plane that splits 

the metacarpal bone into mirror images and is directed volarly103.  

1.4.4.1 Challenges 

Quantification of a standard and accurate finger joint kinematic definition is a challenge. 

As previously mentioned, the finger is made up of very delicate and small structures that 

are easily influenced by small changes in motion. Unlike other larger scale joints such as 

the elbow or knee, tracking finger motion is heavily limited due to the size of the individual 

phalangeal segments and overall stability of the joints. In addition, the lack of having a 

clear and standardized method of frame definitions that can be used across all research 

groups is limiting. Historically, the implementation of landmark-based definition has been 

widely used to quantify kinematics in-vitro, despite the challenge of anatomy-based 

frames. The choice to denude segments in order to locate small anatomical features poses 

a large source of error and introduces both intra- and inter-user variabilities that hamper 

reproducibility across research groups. Moreover, the need to denude specimens often 

limits the ability to perform testing protocols in-vivo, which leads to modifications in the 

anatomy digitizing methods used and thus, departures from standardized approaches. 

An alternative approach to bone digitization without the need to denude and adopted 

by research groups Coupier et al. and Ishii et al. is through coordinate registration of CT 

scanned skeletal models144,147. This approach requires the digitization of bone segments 

using the same motion tracking decide used to measure the kinematic of interest. This 
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approach has been used by multiple research studies to track joint kinematics in-vivo and 

in-vitro, however this extra digitization, and the corresponding transformation algebra also 

introduces registration errors that negatively impact the measured kinematics. 

1.5 Biomechanical Testing & Motion Simulators 

The investigation and treatment of finger-related pathologies require a thorough 

knowledge and understanding of the proper biomechanical behaviour of the individual 

structures of the finger such as the bones, ligaments, tendons, and soft tissues. Several 

methodologies, by means of biomechanical testing, have been developed and enhanced 

over the years to deepen the biomechanical knowledge of the finger, allowing for an 

advancement of surgical techniques and therapy protocols. Although many static 2D and 

3D imaging modalities such as X-rays and CT images have provided sufficient 

information on soft tissues surrounding bones, they commonly lack the ability of providing 

dynamic and functional analysis on finger structures and joint kinematics. In recent years, 

many researchers have adopted the use of novel biomechanical simulators complimented 

by 3D motion capture systems, such as electromagnetic tracking or optical tracking to 

study dynamic finger function and joint motion.  

The evolution of in-vitro passive and active finger motion simulators to reanimate 

near-normal in-vivo articulation through the use of cadaver specimens as musculoskeletal 

models has opened many doors to attaining reliable and in-depth quantitative analysis for 

the investigation of joint and finger kinematics. Passive motion generally involves the 

physical interaction of a joint or structure along its course of motion or function by an 

external source and with little to no effort from the patient whereas, active motion involves 

the use of a motorized system to simulate true near-normal structural motion. In-vitro 

experimentation provides researchers with a standardized test allowing for the simulation 

of highly repeatable testing protocols that effectively reduces intra-specimen variability. 

As such, the effects of different clinical injuries and surgical interventions can be studied, 

while neglecting patient-specific compensation approaches.  
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1.5.1 Passive Motion Simulators 

Passive motion is a commonly adopted therapeutic technique that involves the movement 

of a joint through a desired range of motion without the patient's use of the involved 

extremity 148. This motion is typically accomplished by human interaction or by the use of 

a machine, primarily to reduce stresses within a joint or surrounding structures post-surgery 

or for the sole purpose of clinical research 149. In rehabilitation therapy, passive motion is 

strongly encouraged as it facilitates recovery by significantly reducing pain and increasing 

active joint range of motion; allowing the patient to continue an active lifestyle 150–152. 

However, although effective in therapy exercise, the use of passive motion protocols in in-

vitro finger studies are not as encouraged due to certain limitations that can affect the 

quality of produced results and reliability of the test. As human or motorized engagement 

is required to induce motion to certain finger structures, true anatomical mimicking of the 

finger in-vitro is therefore not properly replicated and can also result in unrepeatable 

motion, diminishing the quality of the study and the results. In addition, the lack of 

replicating a true in-vivo scenario during passive motion can significantly alter the internal 

biomechanics, resulting in slightly inaccurate findings in comparison to active motion 

protocols.   

Sapienza et al. conducted a cadaveric study evaluating and comparing the flexor 

tendon load and excursion during passive and active motion of the index, middle, and ring 

fingers 153. The cadaveric specimen was secured to a fabricated fiberglass splint with 

Velcro on a flat table and measurements were performed during five different simulated 

exercises All movements started from a resting hand position where passive exercises were 

performed by the examiner’s hand manipulating the specimen to maintain the positions 

and active movements were simulated by pulling on the zone V tendon suture-loop. The 

tensions on the FDS or FDP tendons were measured respectively in each tendon using a 

pull-meter in each movement. The tension recorded for the active motions was the 

minimum tension necessary to perform the simulated exercise. Each measurement was 

performed in triplicate with the average of these values recorded for data analysis. Mean 

tendon forces were higher in all active versus passive movements. In addition, active 

motion resulted in higher tendon excursion than did passive motion. These findings further 
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support the inconsistency in findings between both methods in the same hand model during 

post-operative exercise therapy regimen.  

1.5.2 Passive Motion Against Active Resistance Simulators 

Human interaction in cadaveric studies is not the only approach to achieving passive 

motion of the finger. For example, an actuator or dead weight attached externally at the tip 

of the distal phalanx intended to simulate finger extension while an opposing actuator 

attached to the flexor tendons is simulating active finger flexion would be considered a 

form of passive motion against active resistance. However, unlike human interface, 

electrical actuators are considered more accurate as their motions are repeatable and 

concise with previous motion runs; providing more reliable results but are still subjected 

to errors if the line of action of the force applied is not aligned with the anatomy. An in-

vitro study conducted by Yamaguchi et al. compared motions of these tissues in an intact 

and open carpal tunnel condition 154. Using cadaver upper extremities mounted onto a 

motion fixture, Yamaguchi followed a passive protocol against an active resistance by 

fixing the proximal ends of the finger FDS tendons with sutures and connecting them to an 

electric motor for finger flexion simulation. In response, a 0.1 N weight was attached to 

the fingertips to maintain finger extension. Tendon excursion was measured using relative 

motion markers measured directly and captured on a digital video recording.  

Another study conducted by Schweizer et al. evaluated the influence of a preceding 

flexion or extension movement on the static interaction of human finger flexor tendons and 

pulleys concerning flexion torque being generated. Six human fresh frozen cadaver long 

fingers were mounted in an isokinetic movement device for the PIPJ powered by a torque 

of 30 Nm. A piezoelectric force transducer was positioned at the pulp of the finger in the 

middle between the distal finger flexion crease and the tip of the finger. Both flexor 

tendons, FDP and FDS, were equally loaded with 40 N against the isokinetic movement 

device. This resulted in a PIP joint flexion working against the external force generated 

from the isokinetic movement device. 
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1.5.3 Active Motion Simulators 

Active in-vitro simulation of a joint is a common methodological approach implemented 

in many finger related studies. Despite the use of human interaction during passive motion, 

in-vivo active motion is affected by the patient themselves, unaided by external influences. 

Mirroring the movement in a cadaveric specimen typically incorporate the loading of 

internal structures, such as muscles or tendons, through the use of a motorized system. 

Active motion simulators in in-vitro finger studies are currently on the rise 154–159. 

Anatomically, they are deemed more accurate as they encompass the use of the surrounding 

tissues in the movement of the joints; partially replicating near-normal functional 

conditions of a finger in-vivo. In addition, the use of free weight or accurate motorized 

systems can result in highly repeatable motion; positively affecting the quality and 

reliability of the study and its results.   

Deml et al. conducted a biomechanically cadaveric study comparing two common 

surgical techniques used in correcting a chronic mallet deformity: fowler central slip 

tenotomy vs. spiral oblique retinacular ligament reconstruction 160. Fingers from 6 

specimens were positioned in a custom setup where 4 pulleys were attached at the rear end 

for loading the flexors (FDP and FDS), and extensor tendons. To simulate a controlled 

active extension of the fingers, the extrinsic extensor tendons were loaded with a 500g 

mass, and the flexor tendons were loaded with 50g. Active extension using weights was 

carried out and constantly replicated in the same fashion from a maximally flexed finger 

position.  

An alternative in-vitro finger study conducted by Cheng et al. involved the 

development of a comprehensive trigger finger cadaveric model by characterizing tendon 

mechanical properties such as gliding behaviors 161. Cheng used a custom-designed frame 

for specimen mounting and used a 200 g free weight applied to the distal end of each flexor 

tendon for pre-tension purposes. However, the proximal ends of the two flexor tendons 

were attached to a motor system with a ring load cell in between. Motors were used to 

guide the tendons from full flexion to extension through a desired amount of excursion. 

Results obtained from this study, such as tendon and pulley gliding resistance, were used 
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to strengthen the knowledge of the internal characteristics and biomechanics of a finger 

model. Limitations of the study however include the choice of singling out the proximal 

bone for testing through the detachment of the metacarpal bones and the disarticulation of 

the finger at the PIPJ.  

Both forms of joint simulation, whether through a motor or free weights, tend to achieve 

the same overall function. However, some differences between the two results in motors 

being a more favorable choice of simulation. The most relevant and significant difference 

is the motor’s ability, more specifically servo motors, to control its position as well as the 

load applied onto the structure of interest. Although motors more expensive and require 

excessive coding and tuning to sync the motor with the simulator, they are anatomically 

more suitable for in-vitro studies and for measuring tendon excursions as they are not 

subjected to position error.  
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1.6 Thesis Rationale 

Kinematic analysis and biomechanical modelling of upper limb joints has been proven 

valuable in clinical analysis. Assessment of hand and finger kinematics is relevant for many 

domains, including surgical and rehabilitation purposes. Although there is a current 

ongoing interest into the development of reliable and advanced upper limb models, the 

hand imposes a challenging obstacle due to its relatively small scale segments and joints. 

Providing objective measurement to better understand the relationship between bone 

segments and the corresponding load transfers that occur during finger motion can help 

clinicians establish proper patient specific therapeutic decisions and functional capabilities.   

Despite the abundance of different finger frame construction methodologies, global 

standardization, especially for clinical applications and motion evaluation, is made 

difficult. The current lack of a consensus about motion representations or a standardized 

joint frame definition related to finger motion introduces a source of error between group 

findings, more prominently in cross talk errors. In addition, further refinement of a 

previously designed and validated in-vitro active finger motion simulator will allow for a 

more comprehensive understanding of finger biomechanics following trauma and their 

subsequent forms of treatment.   

Therefore, the purpose of this thesis was to further develop and enhance the finger motion 

simulator to allow for a comprehensive and reliable measure of finger joint motion along 

with the quantification of intrinsic metrics of interests such as tendon loads, work of 

flexion, strains induced by the surrounding tissues under the influence of several clinically 

relevant conditions. Moreover, to propose an accurate and standardized joint frame 

definition that will help unite researchers in their experimental methodologies and provide 

valuable knowledge of healthy and pathological conditions. 
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1.7 Thesis Objectives and Hypothesis 

1. Objective: Evaluating the rotational and translational accuracy and reliability of 

using electromagnetic tracking for joint motion tracking compared to optical 

tracking. 

Hypothesis: The rotational accuracy of optical tracking will be equal to, or smaller 

than 0.5°. Rotational accuracy of electromagnetic tracking will be within ±0.8° of 

optical tracking. Moreover, depth will have a more notable influence on the 

accuracy of optical tracking with errors as high as 0.5 mm and  0.3° in translational 

and rotational accuracies, respectively, compared to electromagnetic tracking.  

2. Objective: To study the impact of injury and effectiveness of surgical treatments 

on finger biomechanics in-vitro by establishing: 

a. Distinct tendon-to-load and work of flexion relationships following the re-

routing of the profundus tendon within zone II and; 

b. A finger biomechanical model using volar plate strain, tendon load, and 

joint range of motion following the simulation, and treatment, of a swan 

neck deformity. 

Hypothesis:  

a. Tendons will exhibit a linear increase in load with increasing tendon 

excursion. Moreover, rerouting of the tendon will decrease the gliding 

resistance of the repair going through the chiasm; decreasing loads in the 

zone.  

b. The sensitivity of the gauge will be high enough to detect changes in volar 

plate strain with  each progression level of a swan neck deformity. 

Moreover, metrics measured will be repeatable to within 5%; allowing for 

sufficient signal to noise ratio to achieve distinguishing clinical relevant 

changes.  
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3. Objective: Development of novel motion derived based coordinate frame 

definitions for finger joint kinematic analysis.  

Hypothesis: Analysis of joint kinematics using helical axes will result in similar 

discrepancies (within 10°) in joint kinematic data between subjects, compared to 

ISB’s anatomical frame definitions. Moreover, repeatability metrics made from 

repeated motion cycles will not exceed 5° between trials.  

4. Objective: To combine the individually developed and enhanced biomechanical 

tools developed throughout this thesis, and apply them within an in-vitro cadaveric 

test where tendon load, excursions, volar plate strain, and joint kinematics metrics 

are evaluated simultaneously.   

Hypothesis: Advancements in the finger motion system will allow for a 

comprehensive evaluation of multiple discrete metrics within the finger.  

 

1.8 Thesis Overview 

The structure of the following chapters is as follows: 

- Chapter 2: Evaluation and assessment of the translational and rotational accuracy of 

electromagnetic tracking compared to optical tracking. 

- Chapter 3: Zone II Tendon Study; an in-vitro study investigating the effects of 

repairing a lacerated flexor profundus tendon within-chiasm vs. outside-chiasm. Flexor 

tendon loads, work of flexion, finger joint ROM, and tendon excursion are evaluated 

and compared between conditions.  

- Chapter 4: Swan Neck Model; an in-vitro study involving the development of a swan 

neck deformity biomechanical model using tendon loads, joint ROM, and volar plate 

strains as metrics of analysis. 

- Chapter 5: FDS Hemitenodesis Repair; an in-vitro study where two different SND 

repair techniques are simulated and biomechanically compared using tendon loads, 

tendon excursion, joint ROM, and volar plate strains 
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- Chapter 6: Helical Axes; motion derived finger coordinate system frames are applied, 

examined, and compared to the standard ISB recommended definition in 

reproducibility and repeatability of each selected joint coordinate system during finger 

flexion and extension motion.  

- Chapter 7: Strain Gauge Refinement and Volar Plate Repair Study; a benchmark test 

is conducted to increase the sensitivity of the strain gauge and then applied in-vitro in 

a study investigating the reliability of a novel volar plate technique in restoring tendon 

load, work of flexion, and joint kinematics following zone 1 tendon avulsion, compared 

to the standardly used pull-out button technique.  

- Chapter 8: Summary, conclusions and future work 
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Chapter 2  

2 Assessment of spatial tracking technology for in-vitro 

finger motion studies (Optical vs. Electromagnetic 

tracking) 

 

OVERVIEW: The use of electromagnetic tracking for joint motion kinematic analysis is 

currently on the rise however, its inferior manufacturer’s accuracy and resolution 

compared to optical tracking raises minor concerns. This chapter presents a quantitative 

accuracy assessment experiment where the rotational and translational accuracy of 

electromagnetic tracking is compared to optical tracking, under the same setting. 

Moreover, research and clinical-oriented applications are described for both technologies. 

Finally, a critical comparative analysis of the state of the art which highlights the 

potentialities and the limitations of each tracking system is provided. 
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2.1 Introduction 

Upper limb joint kinematics is a common and evolving area of interest within the literature. 

Although several motion capture systems have been established, researchers tend to 

advocate for the use of optical and electromagnetic systems when reporting in-vivo and in-

vitro human motion kinematics due their reliability and accuracies compared to other 

tracking methodologies1–5   

As discussed in chapter 1, optical tracking uses infrared cameras to record the position of 

reflective markers placed on the body, whereas the electromagnetic tracking (EM) systems 

utilize receivers within an electromagnetic field to compute the position and orientation of 

body segments in space6. Such need of a continuous line of sight by the optical camera is 

challenging when involving a large set of rigid bodies moving in complex motion 

pathways. Nonetheless, many previous studies have relied on optical tracking to measure 

finger kinematics despite said limitations7–9. In addition, unlike EM, the rotational accuracy 

of optical systems, more specifically the Optotrak Certus, has not yet been formally 

reported. This lack in knowledge limits the support for using optical tracking since the 

rotational accuracy of a system is deemed more important than the translation accuracy 

when evaluating kinematics of joint rotation angles.  

Therefore, the purpose of this study was to directly compare the Optotrak Certus system to 

a trakSTAR electromagnetic tracking device under the same measurement settings to (1) 

measure and understand the rotational accuracy of the Certus and, (2) to validate the 

rotational accuracy of trakSTAR.  

2.2 Materials and Methods 

2.2.1 Equipment 

Two motion tracking systems, Optotrak Certus motion capture system (Manufacturer 

position accuracy = 0.1 mm RMS) (Northern Digital, Waterloo, Ontario, Canada) derived 

of three components; the camera, the control unit, and the markers, and an Electromagnetic 

tracking system (Manufacturer position accuracy = 1.4 mm RMS and rotational accuracy 
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= 0.5° RMS) (Northern Digital, Waterloo, Ontario, Canada), consisting of a mid-range 

transmitter, the control unit, and the sensors (M180) were evaluated using two motion 

systems: a Coordinate Measuring Machine (CMM) (CM - Global Measurement Solutions, 

Topsfield, MA, United States), and a Rotary Computer Numerical Control (CNC) machine. 

The frame rate of measurement was selected as 20Hz and the data collection process was 

set to be in real time, where each frame is separately conveyed to the computer as it is 

completed.  

A Coordinate Measuring Machine is a gold standard tool that relies on a very sensitive 

electronic probe to measure a series of discrete points from the geometry of a solid part in 

an X-Y-Z coordinate plane. All of the motions of the gantry and probe can be controlled 

manually via a joystick or programmed automatically. A Rotary CNC machine is also an 

automated machining mainly used for milling and other purposes by means of a computer. 

It is capable of rotating in different variations and degree increment to meet user 

specifications by following a coded programmed instruction.  

2.2.2 Setup and Protocol 

Each protocol was run consecutively between both systems. A 20cm2 Delrin block 

was used to mount 9 individual trackers (Certus and trakSTAR) at fixed and equal distances 

from one another (Figure 2.1).  
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Figure 2.1 – Certus and trakSTAR Sensors Mounted onto Delrin Plate 

A Delrin plate (grey) showcasing (a) 9 optical trackers (blue with yellow markers) and (b) 

9 electromagnetic trackers. The plate was designed for the rigid mounting of the trackers 

for accuracy evaluation purposes where both optical and electromagnetics trackers were 

mounted at an equal distances from one another. 

A separate optical reference tracker in which all 9 trackers rotated and translated with 

respect to was mounted firmly onto a stable and rigid base within the system’s field of 

vision. The performance of both systems were evaluated under two separate test conditions: 

A and B (Figure 2.2). Session A involved tests carried out using the CMM while session 

B involved experiments using the rotary CNC. Both, translational and rotational, errors 

were measured in each test condition. A standard test method10 (ASTM) for evaluating the 

performance of systems that measure static, 6DOF measurements, was followed and used 

as a guideline for accurately collecting, computing, and evaluating the performance of both 

systems. Prior to testing, the Certus and trakSTAR systems were both initially transformed 

to a common coordinate system as guided by the ASTM.  
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Figure 2.2 - CMM and Rotary CNC: Experimental Setup 

Translational and rotational accuracy of the tracker plate was quantified under two 

separate sessions; (A) using the CMM and (B) the rotary CNC. 

2.2.3 Certus Tracking under CMM 

For the CMM measurements, the tracker block was driven to several positions 

around an arbitrary 64 x 24 x 43 cm3 cube in small 10 mm increments with a 1 second 

delay between each increment; encompassing the total workplace of the CMM (N  

10,00,000 sample per tracker). Within the same volume, a smaller 30 x 30x 22 cm3 cube 

in the center was selected in which finer 5 mm increments were chosen for tracking within 

the Certus’ field of vision (Figures 2.3 and 2.4). The size of the smaller cube or “inner 

volume” was determined based on the size of the average hand in upper arm in-vivo and 

in-vitro research; mimicking a true finger joint or wrist tracking scenario. The system was 

run with the camera set a fixed distance of 3m away from the center of the CMM’s volume. 

The camera depth was predominantly chosen based on findings from previously reported 

studies supporting the accuracy of Certus tracking at different depths from the camera12. 

Moreover, the accuracy of the Certus within the smaller cube were evaluated at an 
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additional 2 depth levels from the sensor: (a) 1.5m and (b) 4.5m. All depth levels were 

chosen based off the maximum possible allowable distance within the space tested, while 

maintaining and ensuring that the trackers are constantly within the camera’s field of 

vision.  

 

Figure 2.3 – Certus’ Field of Vision 

Measurements made using the Certus were recorded at a fixed distance of 3m away from 

the tracker plate. The image on the bottom left illustrates the maximum field of vision 

allowed by the Certus where the red dotted box highlights the 3m mark within the 

workspace. In addition, the Certus was also evaluated at 1.5m and 4.5m away from the 

camera. 
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Figure 2.4 - CMM’s Volume Workspace  

The motion pathway volumes tested by the Certus is illustrated above where the outer (64 

cmx43 cmx24 cm) and inner (30 cmx30 cmx20 cm) volumes are highlighted in red and 

blue, respectively. The EM was tested in the inner volume only. 

2.2.4 trakSTAR under CMM 

The electromagnetic transmitter was placed 0.43 m away from the center of the CMM’s 

volume, which lies in the middle of the transmitter’s functional workspace (figure 2.5). 

Unlike the Certus, trakSTAR does not require a direct line of sight to function and 

therefore, depth of the system is thought to not directly affect the accuracy of the system. 

In addition, due to the vast increase in ferromagnetic material encompassing the trackers 

in the CMM, the protocol for trakSTAR under the CMM only included motion of finer 5 

mm increments within the inner volume space alone; the volume furthest away from 
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possible magnetic interference. Furthermore, depth tests at 0.2 m and 0.66 m, similar to the 

ones conducted for the Certus were replicated for trakSTAR trackers to evaluate the 

possible effects of depth on technical accuracy. 

 

Figure 2.5 - trakSTAR Field of Vision 

The minimum and maximum allowable field of the tracking of the electromagnetic 

transmitter. All measurements conducted by the EM system were done 0.43 m away from 

the transmitter; in the center of the field (along the red dotted frame). Moreover, two more 

depth levels were evaluated along at the two grey dotted frames at 0.2 m and 0.66 m. 

2.2.5 Rotary CNC  

The rotary CNC followed a selected pathway identical to both Certus and trakSTAR, where 

the tracker block itself was rotated at absolute 1° degree increments until full rotation 

(360°) with a 3s delay between each rotation, at 9 different static positions along the CNC’s 
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workplace for rotational and translational measurements (Figure 2.6) (N = 14,400 samples 

per tracker per position).  

 

Figure 2.6 - CNC Pathway 

The pattern followed by the CNC is illustrated above where the red dots denote the 9 positions, 

moving from position 1 (p1) to position 9 (p9) in numerical order. Rotations of 1° increments to 

full rotation (360°) were conducted at each of the 9 positions under both optical and EM tracking. 

The different positions were chosen arbitrarily, however, enclosed the entire accessible 

workplace area of the CNC machine. The tracker block for the Certus test was mounted 

firmly onto the rotary CNC and the reference tracker as previously mentioned, was rigidly 

mounted on a surface nearby. The trakSTAR setup however incorporated a 1.5m hollow 

plastic tube between the fixed ends of the CNC and the tracker block (Figure 2.7). This 
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offset caused by the cylinder ensured that the metal within the machine did not affect the 

accuracy and quality of the trackers during simulation. 

 

Figure 2.7 – Rotary CNC Setup with trakSTAR 

The mounting process of the tracker plate onto the rotary CNC is illustrated where the plate was 

fixed onto one end of a 1.5m long plastic tube that was then fixed directly onto the rotary CNC 

machine.   

In addition, the effect of depth on the technical accuracy of the Certus and trakSTAR were 

also assessed at all three different depth levels from the center of the CNC’s workspace; 

Certus: (a) 1.5m; (b) 3m; and (c) 4.5m and EM: (a) 0.2m; (b) 0.43m; and (c) 0.66m. Unlike 

the Certus, the tracking volume of trakSTAR is much smaller and thus, depth (c) was 

chosen as the maximum range in which the system can track its sensors.   
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2.2.6 Data Analysis 

The translational and rotational measurement errors were calculated for each system at 

each accuracy assessment point using, 

𝑒𝑇𝑟𝑎𝑛𝑠 𝑒𝑟𝑟𝑜𝑟,𝑘 = √(𝑥𝑆𝑈𝑇,𝑘 − 𝑥𝑅𝑆,𝑘)
2 + (𝑦𝑆𝑈𝑇,𝑘 − 𝑦𝑅𝑆,𝑘)

2 + (𝑧𝑆𝑈𝑇,𝑘 − 𝑧𝑅𝑆,𝑘)
2     (1) 

                    𝑒𝑅𝑜𝑡 𝑒𝑟𝑟𝑜𝑟,𝑘 = cos−1( 
𝑡𝑟𝑎𝑐𝑒 (𝑅𝑘)−1

2
 )                 (2) 

where SUT is used to denote the measurements from the system under test (SUT) in its 

own coordinate frame, RS represents a measurement from the reference system (RS) 

coordinate frame transformed to the SUT system coordinate frame, and Rk = RRS,k x RSUT, 

k
T 10. 

The mean error, Emean, was obtained using (3), the RMS error, ERMS using (4):   

                                           𝐸𝑀𝑒𝑎𝑛 = 
1

𝑁
∑ 𝑒𝑇𝑟𝑎𝑛𝑠 𝑒𝑟𝑟𝑜𝑟,𝑘

𝑁
𝑘=1                                         (3) 

                                      𝐸𝑅𝑀𝑆 = √
1

𝑁
∑ (𝑒𝑇𝑟𝑎𝑛𝑠 𝑒𝑟𝑟𝑜𝑟,𝑘)

2 𝑁
𝑘=1                                        (4) 

Where 𝑒𝑇𝑟𝑎𝑛𝑠 𝑒𝑟𝑟𝑜𝑟,𝑘 indicates the mean error at each corresponding accuracy assessment 

point gained using (1), and N indicates the number of points/samples tests10. 

In addition, a one-way repeated-measures ANOVA was performed to assess the accuracy 

of the Certus within 3 camera depth levels (close, middle, and far). Within-subject effects 

and pairwise comparisons were also examined, with significance set at p<0.05. 

Repeatability of each individual tracker was assessed by the standard deviation taken over 

3 repeated trials. 
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2.3 Results 

2.3.1 Translational Error 

2.3.1.1 CMM (Certus vs. trakSTAR) 

With the CMM moving in 10 mm increments in the outer volume and 5 mm increments in 

the inner volume, the average translational error (𝐸𝑇𝑟𝑎𝑛𝑠,𝑀𝑒𝑎𝑛) measured for all 9 trackers 

(N  200,000 samples per tracker per volume) was 0.23  0.04 mm and 0.10  0.02 mm 

respectively for Certus (𝐸𝑅𝑀𝑆 of 0.14 mm and 0.09 mm respectively) (Figure 2.8). Moving 

the trakSTAR in the inner volume only however resulted in an average translational error 

(𝐸𝑇𝑟𝑎𝑛𝑠,𝑀𝑒𝑎𝑛) of 1.71 ± 0.57 mm, with an 𝐸𝑅𝑀𝑆  of 1.23 mm for all 9 trackers, compared 

to the Certus (Figure 2.9).  

 

Figure 2.8 - Translation Accuracy of Certus under CMM 

Translational error is plotted as a function of CMM’s volume, where whiskers denote 

standard deviations of all 9 trackers and the red dotted line represents the error of the 

system as reported by the manufacturer. With the CMM moving in the outer volume and in 

the inner volume, the average translational errors measured for all 9 trackers was 0.23 ± 

0.04 mm and 0.10 ±0.02 mm respectively. 
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Figure 2.9: Direct Comparison of the Translational Accuracy of Certus vs. trakSTAR 

under CMM 

At 5 mm X-Y-Z increments, the translational error is plotted for both systems under test 

where whiskers denote standard deviations of all 9 tracker. The average translational error 

measured for all 9 Certus trackers was 0.10 ±0.02 mm. Replacing the Certus with 

trakSTAR resulted in a 1.61mm increase in error compared to the Certus.. 
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2.3.1.2 Rotary CNC (Certus vs. trakSTAR) 

With the rotary CNC rotating in 1° increments, the 𝐸𝑇𝑟𝑎𝑛𝑠,𝑀𝑒𝑎𝑛 measured within all 9 

selected positions for all 9 Certus and trakSTAR trackers were 0.77  0.4 mm and 1.58 ± 

0.36 mm, respectively (Figure 2.10). 

 

Figure 2.10: Direct Comparison of the Translational Accuracy of Certus vs. 

trakSTAR under Rotary CNC 

At 1° increment rotations, the translational error is plotted as a function of the 9 positions 

achieved by the rotary CNC, where whiskers denote standard deviations of all 9 trackers. 

The overall average translational errors between all 9 selected positions for the Certus 

and trakSTAR were 0.77 ± 0.43 mm and  1.88 ± 0.66 mm, respectively. 
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2.3.2 Rotational Error 

2.3.2.1 CMM (Certus vs. trakSTAR) 

Similar to the translational test, the average rotational error (𝐸𝑅𝑜𝑡,𝑀𝑒𝑎𝑛) for all 9 trackers 

in the CMM moving in 10 mm increments in the outer volume and 5 mm increments in the 

inner volume (N  200,000 per tracker per volume) was measured to be 0.41  0.03 deg 

and 0.21  0.03 deg respectively for the Certus (𝐸𝑅𝑀𝑆 of 0.24 deg and 0.12 deg 

respectively) (Figure 2.11). In terms of trakSTAR, The 𝐸𝑅𝑜𝑡,𝑀𝑒𝑎𝑛 for all 9 trackers in the 

CMM moving in 5 mm increments in the inner volume only was measured to be 0.30  

0.01 deg (𝐸𝑅𝑀𝑆 of 0.52 deg) compared to the Certus (Figure 2.12).  

 

Figure 2.11 - Rotational Accuracy of Certus under CMM 

At 10 mm and 5 mm incremented X-Y-Z motion, the translational error is plotted as a 

function of CMM’s volume, where whiskers denote standard deviation of 9 trackers. With 

the CMM moving in the outer volume and in the inner volume, the average rotational 

errors for all 9 trackers was measured to be 0.41 ± 0.03 deg and 0.21 ± 0.03 deg 

respectively. 
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Figure 2.12 - Direct Comparison of the Rotational Accuracy of Certus vs. trakSTAR 

under CMM 

At 10 mm and 5 mm incremented X-Y-Z motion, the rotational error is plotted as a function 

of CMM’s volume, where whiskers denote standard deviation of 9 trackers. With the CMM 

moving in the inner volume, the average rotational errors for the Certus for all 9 trackers 

was 0.21 ± 0.03 deg. Using trakSTAR resulted in a minor increase of 0.09 deg in rotational 

error compared to Certus.  
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2.3.2.2 Rotary CNC (Certus vs. trakSTAR) 

With the CNC rotating in 1° increments, the 𝐸𝑅𝑜𝑡,𝑀𝑒𝑎𝑛 measured within all 9 selected 

positions for all 9 Certus and trakSTAR trackers were 0.23  0.1 deg and 0.59  0.24 deg, 

respectively (Figure 2.13). 

 

Figure 2.13 - Direct Comparison of the Rotational Accuracy of Certus vs. trakSTAR 

under Rotary CNC 

At 1° increment rotations, the rotational error is plotted as a function of the 9 positions 

achieved by the CNC, where whiskers denote standard deviations of all 9 trackers. The 

overall average rotational errors measured while the machine was rotating for all 9 

trackers for the Certus and trakSTAR were 0.23 ± 0.1 deg and 0.59 ± 0.24 deg, respectively. 
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Table 2.1 - Summary of Results for Certus and trakSTAR Systems 

 

2.3.3 Repeatability 

The repeatability of all 9 individual trackers of the Certus and trakSTAR were each 

measured to be 0.047 mm and 0.024 mm, respectively. This degree of repeatability was 

sufficient to detect changes in measurement accuracy within statistical significance.   

2.3.4 Depth  

The distance between the camera and tracker plate had a significant effect on the accuracy 

of the Certus at further depths, relative to the nearest (1.5m) baseline distance. In the case 

of the CMM, the 3m (middle) depth caused a significant reduction of 0.14 ± 0.03 mm 

(48%) (p<0.001) in translational error of the trackers, compared to the close (1.5m) depth. 

Placing the camera at the farthest depth (4.5m) however had an opposite effect as it caused 

for a significant increase of 0.08 ± 0.4 mm (27%) (p<0.001) in translational error, 

compared to the native close depth. Similarly, depth of the tracker plate also seemed to 

have a significant effect on the rotational accuracy of the trackers. Placing the plate in the 

middle (3m) depth and the furthest depth (4.5m) caused a significant reduction of 0.12 ± 

0.08° (29%) (p<0.001) and a significant increase of 0.19 ± 0.12° (49%) (p<0.001) 

respectively in error compared to the native close (1.5m) depth.  
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2.4 Discussion 

The aim of this study was to quantify the rotational accuracy of the Certus and directly 

compare the technical accuracies of trakSTAR to the Certus under the same test setting. 

For the rotational accuracy of the Certus, we decided to proceed with using 0.22° as it is in 

agreement with both mean error and RMSE results. The 0.12° RMSE obtained in the CMM 

test is given less weight because this was a translation only test and therefore, is less 

relevant for joint angle kinematics application. In terms of TrakSTAR, 0.50° was chosen 

as that is the same value that was formally reported by the manufacturer as well as what 

the study also found. Additionally, it is almost centrally between the mean errors for the 

CMM and CNC tests; thus, 0.50 deg is in good agreement despite the limitations of the 

CNC test.  

The translational accuracy also appears to be comparable to the information provided by 

the manufacturer, although in the case of the Certus, only the translational accuracy was 

reported in its manual, rather than both rotational and translational accuracy. For 

translational accuracy of the Certus, we decided to proceed with 0.1 mm as that is the 

RMSE reported by the manufacturer as well as the RMSE reported during the CNC test. 

Similarly, 1.4mm RMSE was selected for trakSTAR as it was also the value reported by 

both the manufacturer and this study. The purely translational CMM test produced a lower 

RMSE for both systems, however, as discussed earlier, pure translations are not relevant 

to joint biomechanics studies; thus, the CNC result is selected. Unlike the Certus, a notable 

difference was the increase in trakSTAR’s mean translational error for the CMM, 

compared to the CNC . Metal artefact may have contributed to this. 

Findings obtained within this study have shown to reflect similar or better accuracy results 

than most studies of motion analysis systems12–19. Groups assessing the translational 

accuracy of optical compared to electromagnetic tracking have reported technical 

accuracies in the range of 0.1 mm to 1.4 mm, and 0.17 mm to 2.0 mm respectively, 

depending on the assessed device and methodology followed20–25. Other studies evaluating 

rotational accuracy reported results as low as 0.1 degrees; which prominently compliments 

the findings in this study26. Additional studies such as the ones conducted by Barnes et 
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al.27, Sugano et al.28 and Li et al.29, all evaluated the accuracy of the Certus tracker in real 

in-vivo bone and other medical and mechanical cases. Sugano’s study resulted in an 

average RMS error of 1.3 mm and 0.5 degrees, whereas findings by Li and Barnes resulted 

in errors as low as 0.76 mm and 0.2 mm both respectively. Goislard de Monsabert et al.30 

also conducted a biomechanical study using Cetus optical tracking to compare the effects 

of local frame definitions on local axis orientations and joint angles of the fingers and the 

wrist in which a nominal translational accruacy of 0.3 mm was reported. 

There are two main drawbacks in using optical tracking for biomechanics studies. The 

accuracy of optical systems is related to tracker size; the trackers themselves tend to be 

large and bulky. The second major problem with optical systems is that they require a direct 

optical path between the position sensor system and the three or more targets that are being 

tracked. This is fairly more difficult to achieve with smaller joints as the fingers tend to 

obstruct one another while moving. In contrast, minute electromagnetic sensors, like the 

ones used in this study, allow for greater accessibility for soft-tissue interventions. In 

addition, the ability of electromagnetic systems to track without requiring a direct line of 

sight to the instrumentation is a great advantage of this technology; however, these systems 

have smaller tracking volumes and are quite sensitive to ferromagnetic surroundings. 

Table 2.2 - Comparison between Optical and Electromagnetic Tracking Systems 

Attribute Optical Electromagnetic 

Translational Accuracy + 0 

Rotational Accuracy + + 

Line of Sight - 0 

Working Volume + 0 

Metal Sensitivity 0 - 

Tracker Size - + 

Depth Sensitivity - + 

      * + = superior, 0=acceptable, and - = inferior 
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Although optical tracking is known to be more accurate than electromagnetic tracking, 

some studies have reported and argued that the accuracy of both systems are in fact 

comparable and can be used interchangeably. One study performed a direct comparison 

evaluation using a mechanical articulator to assess the accuracy of EM tracking when 

compared to digital optical tracking. The examiners used the gold standard known ranges 

of motion to compare both the optical and EM trackers. From their results, they determined 

that measurements from both systems are clinically comparable31. It is important to note, 

however, that they were using an articulator designed to simulate the elbow, so the 

magnitude of the acceptable accuracy and precision may be different than those required 

for the finger. The investigation also mimicked bone fixation and did not consider skin 

motion.  

Several of past studies, as well as our results, reveal that precision of optical sensors is 

commonly negatively affected at increasing depths from the camera itself. States et al. used 

a repeated measures design study to evaluate the precision and repeatability of the Optotrak 

3020 motion measurement system at different depths and concluded that the most optimal 

depth for preserving precision should be confined within a 2m-4m distance11. Furthermore, 

Maletsky et al. also concluded that the precision was seen to decrease as the camera 

distance grew larger and should be confined within a 1.75m - 3.25m distance32. These 

findings and their effects were found evident when measuring the trasnaltional and 

rotational accuracy of the trackers in this study. Although, all three distances revelead to 

have a sigificant effect on accuracy, the middle depth (3m) however caused the least 

increase in error compared to other distances. Placing the tracker plate at the 3m mark 

resulted in a sigificant 48% decrease in trasnlational error and a 29% in rotational error 

compared to the 1.5m mark. Similarly, placing the trackers at 3m caused an overal 

sigificant 59% decrease in translational error and a 51% in rotational error compared to the 

4.5m mark; further supporting the conclusion that a direct linear correlation between 

distance from the camera and accuracy measurement is evident. 

In contrast, the electromagnetic tracking system revealed no significant effect of depth on 

the accuracy of the system. In fact, placing the trackers at its maximum tracking depth 

resulted in a 7% decrease and a 0.6% increase in translational and rotational accuracies, 
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respectively, compared to the minimum tracking depth, further supporting the hypothesis 

made in chapter 1. Therefore, these results reveal that the optical tracking system is 

significantly more sensitive to depth than electromagnetic trackers. In addition, the most 

optimal depth for optical tracking should be conducted relatively around the 3m distance 

mark from the camera.  

Our study was conducted despite three limitations. The Optotrak Certus system has not 

been calibrated within the 5 year time frame, as recommended by the manufactured. 

Therefore, the trackers and camera were set to their default settings, rather than being 

optimized for this specific study setting. Secondly, although properly calibrated, the rotary 

CNC machine used not of a gold standard method of rotational or translational 

measurement, unlike the CMM. Therefore, errors in accuracy within the machine may have 

contributed to an increase in error in the results. Lastly, external noise from the 

surroundings such as thermal, light, or metal disturbances may have contributed to errors 

for either system. 

2.5 Conclusion 

Quantification and direct comparison of the accuracy and repeatability of electromagnetic 

tracking to optical tracking was evaluated in this chapter. Findings from our study revealed 

differences as small as 0.4° in the rotational accuracies of the Optotrak Certus compared to 

trakSTAR. Moreover, findings showed a larger and more significant impact on the 

accuracy of the Certus at different depth levels, compared to the trakSTAR; supporting the 

hypothesis made in chapter 1. In conclusion, these results support the use of 

electromagnetic tracking as a reliable and accurate modality for kinematic tracking and 

quantification for clinical and research purposes.  
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Chapter 3  

3 The Effect of Flexor Digitorum Profundus Repair Position 

Relative to Camper's Chiasm on Tendon Biomechanics 

 

OVERVIEW: This chapter introduces an in-vitro cadaveric study evaluating the impact 

of altering the repair site of the profundus tendon within zone II of the finger. The chapter 

begins with a brief overview on the challenges faced with tendon injuries and continues to 

introduce the experimental protocol followed and the results of the metrics of interests that 

were measured. The chapter then concludes with a proposed clinical message and 

recommendations made based on the study and its relevance within literature.* 

 

 

 

 

 

 

 

 

 

* A version of this work has been published: Haddara MM, Mitchell EC, Ferreira LM, Gillis J. The Effect of Flexor 

Digitorum Profundus Repair Position Relative to Camper Chiasm on Tendon Biomechanics [published online ahead of 

print, 2021 Dec 23]. J Hand Surg Am. 2021;S0363-5023(21)00697-3. doi:10.1016/j.jhsa.2021.10.024 
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3.1 Introduction 

The presence of both flexor digitorum superficialis (FDS) and flexor digitorum profundus 

(FDP) tendons within the narrow zone II flexor tendon sheath of the hand presents a unique 

challenge in repair. Due to the complex anatomy, injuries in this zone often have relatively 

poor post-operative outcomes1. Two goals of ideal repair include ensuring adequate 

strength while optimizing tendon gliding2. Various solutions to improve FDP gliding have 

been examined in the literature, including partial or complete excision of the FDS tendon, 

pulley resection or venting, and repair of FDS outside of the A2 pulley3–8. However, there 

are drawbacks to these methods, as FDS integrity is thought to be important to prevent 

hyperextension of the proximal interphalangeal joint (PIPJ) with forceful pinch and allow 

stronger flexion force, while native position of the flexor tendons relative to the pulleys 

helps prevent bowstringing9,10. 

 Tang et al.4 found that removal of FDS under the A2 pulley resulted in decreased 

work of flexion of the FDP, whereas removal of FDS distal to the pulley did not 

significantly change FDP work of flexion, suggesting that the area under the A2 pulley has 

the greatest impact on FDP gliding. In this area, instead of partial or complete excision of 

FDS under the pulley or venting the pulley, the path of FDP after repair could be altered 

so that it lies outside the FDS slips.  

The level where FDS divides into slips and then unites into terminal tendons, 

commonly referred to as Camper’s Chiasm, is thought to not only provide a pathway for 

FDP to move from its dorsal to palmar position, but also to act as a pulley system and 

increase balance stability of the PIPJ10. However, it is an area thought to negatively impact 

gliding after tendon repair3,4. Thus, the purpose of this study was to determine whether 

repair of a zone II FDP laceration inside Camper’s Chiasm versus outside would impact 

tendon loads.  
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3.2 Materials and Methods 

Eight fresh-frozen upper extremities were utilized (4 male, 2 female; age: 65.6 ± 6.8 years). 

Twenty digits, consisting of the index, long, ring, and small fingers were tested. Specimens 

were excluded from the study if their computed tomography (CT) scans showed the 

presence of osteoarthritis or any other visible deformities at the finger joints. All screened 

specimens were amputated 15 cm proximal to the wrist, then thawed overnight 

(approximately 16 hours) at room temperature prior to simulation and checked for normal 

passive range of motion (ROM). 

3.2.1 Specimen Preparation 

Careful dissection of the wrists was performed to isolate the FDP, FDS, and the extensor 

digitorum communis (EDC) of each finger (Figure 3.1). Once isolated, each tendon was 

then sutured with a Krackow stitch and connected to a uni-axial load cell (Model 34; 

Honeywell, Charlotte, NC) using a 0-braided Vicryl suture (Ethicon, Somerville, NJ), 

which was mounted to the end-shaft of a linear servo-actuator (Figure 3.2). The dorsal skin 

was then re-approximated with a running closure prior to simulated active motion testing. 

Specimens were secured in the motion simulator in a supinated position using four 

transverse screws – two in the ulna and two in the radius. The second to fifth metacarpals 

were then cross-pinned using two 1.5 mm K-wires, and a 2 mm Dacron-braided cable 

(Melton International Tackle, Anaheim, CA) was used to constrain the metacarpal K-wires 

to secure the wrist during simulated active finger motions. Finally, a fixed rigid foam block 

was used to support the dorsum of the hand in a neutral wrist position. 
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Figure 3.1: Flexor Tendon Isolation and Suturing 

Dissection of the wrists was performed to isolate and suture the flexor digitorum profundus 

(FDP), flexor digitorum superficialis (FDS), and the extensor digitorum communis (EDC) of each 

tested finger using 0-braided Vicryl in a locked Krackow fashion. 
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Figure 3.2 – Specimen Setup in Action Finger Motion Simulator 

 

Linear servo-actuators were used to generate active finger motion. Tendon loads were 

controlled and measured using uni-axial load cell feedback, and finger motions were 

recorded by electromagnetic tracking.         
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3.2.2 In-Vitro Active Finger Motion Simulation 

Simulated active finger flexion/extension was controlled using a previously reported finger 

motion simulation protocol11. In order to determine tendon excursion for each finger, a 

flexion trial in the intact tendon condition was initially performed by moving FDP and FDS 

in position control against a constant 10 N antagonist load on the extensor until full flexion 

ROM was achieved in all joints (MCP: 83 ± 10, PIP: 101 ± 13, DIP: 57 ± 9). This was 

repeated for finger extension, with the extensor tendon in position control against a 

constant 5 N load on each flexor tendon. Subsequently, all motion trials for every tested 

surgical condition were performed with the same tendon excursions measured in the intact 

condition.  

3.2.3 Tendon Repair Techniques 

A longitudinal volar midline incision was carried out on the digit from 1 cm proximal to 

the MCPJ to the PIPJ. The flexor tendon sheath was exposed through an incision between 

A2 and A4 pulleys, involving the A3 pulley, to visualize Camper’s Chiasm, taking care not 

to injure the A2 and A4 pulleys. The FDP tendon was then sharply incised with a scalpel 

in a transverse fashion 1 cm distal to the A2 pulley12. Once incised, the FDP tendon 

underwent two different repair techniques: inside- and outside-chiasm (Figure 3.3). Repairs 

were carried out in random order using 3-0 Ethibond Excel (Ethicon, Somerville, NJ) with 

a 4-strand Adelaide technique. Skin was then re-approximated to maintain specimen 

hydration during motion trials. 
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Figure 3.3: Chiasm Repair Techniques 

The finger conditions following intact are illustrated, (a) inside-chiasm and (b) outside-

chiasm. The divergence of the flexor digitorum profundus (FDP) tendon’s anatomical line 

of action is characteristic of the two repair techniques. 

3.2.4 Joint Angle Measurement 

Joint angles were measured using the previously validated trakSTAR® (NDI, Waterloo, 

ON, Canada) electromagnetic tracking system in Chapter 2. To install the trackers, short 

lateral incisions were made along the finger to expose the lateral aspect of each bone 

segment. Three electromagnetic trackers (2 mm Ø, model M180, trakSTAR, NDI) were 

then press-fit into 2.1 mm drill holes made laterally at the center of each phalanx. A fourth 

reference tracker was similarly inserted into the metacarpal of the second digit. Total active 
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joint ROM was recorded as the collective angle achieved by the DIPJ, PIPJ, and MCPJ 

together. 

3.2.5 Tendon Load and Work of Flexion Measurement 

Flexor and extensor tendon load feedback was provided by the uni-axial load cells 

mounted to the end shaft of each linear servo actuator and closed-loop load control was 

achieved using custom code made in the LabVIEW programming environment (National 

Instruments, Austin, TX). The work of flexion (WOF) was calculated as the area under the 

tendon load versus tendon excursion curve13. WOF done by FDP and FDS was evaluated 

through the complete flexion range for each finger. 

3.2.6 Motion Trial Protocols 

Loads experienced by both flexor tendons, as well as joint angles, were collected 

under the three tested FDP tendon conditions: 1) intact; 2) inside-chiasm repair; and 3) 

outside-chiasm repair. All remaining tissues within the specimen were left intact and saline 

solution was used to maintain hydration throughout testing to prevent desiccation. All three 

conditions were tested in each finger in a repeated-measures model, with the repairs 

performed in random order. Each finger motion was repeated 3 times, and measurements 

from the 3rd motion trial were recorded for statistical analysis; the first 2 motions ensured 

that the finger was preconditioned following the prior surgical intervention. 

3.2.7 Statistical Analysis 

Two-way repeated-measures ANOVA models, with Bonferroni correction, were 

performed to analyze the effect of the two FDP repair techniques on tendon load, WOF 

and joint ROM within all three tested conditions of FDP(intact, inside-chiasm, and outside-

chiasm). Within-subject effects and pairwise comparisons were also examined, with 

significance set at p<0.05.  
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3.3 Results 

3.3.1 Active Joint Motion 

The repairs had no statistically significant effect on active joint ROM (p=0.256) (Figure 

3.4). The change from intact ROM caused by the inside- and outside-chiasm repairs was 

+1.65 ± 0.74° (p=1.000) and -2.95 ± 0.50° (p=0.657), respectively. Thus, finger ROM was 

not altered by either repair. 

 

Figure 3.4: Total Active ROM 

Total ROM was calculated as the sum of all finger joints, distal interphalangeal to the 

metacarpophalangeal (DIPJ to MCPJ) as a function of finger condition (*p<0.05), 

where whiskers denote one standard deviation of 20 finger specimens. No statistically 

significant difference in ROM was found. The inside-chiasm repair decreased ROM by 

1.65 ± 0.74°, whereas the outside-chiasm repair increased ROM by 2.95 ± 0.5°, though 

not statistically significant. 
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3.3.2 Flexor Tendon Loads 

Tendon loads increased significantly with flexion angle for every condition (p<0.001) 

(Figure 3.5). At full flexion, the outside-chiasm repairs significantly increased FDP loads 

by 3.8 ± 2.9 N (p=0.014) and reduced FDS loads by 1.5 ± 1.2 N (p=0.015) compared to the 

intact condition. These effects from outside-chiasm repair represent percent differences of 

+32% and -9% load changes to FDP and FDS load, respectively. Notably, the outside-

chiasm repair increased FDP load in all 20 specimens. The inside-chiasm repairs had no 

significant effect on tendon loads; measured differences were +0.9 ± 1.5 N (p=0.420) and 

-0.8 ± 1.1 N (p=0.168) for FDP and FDS, respectively. Comparing the two conditions, 

outside-chiasm repairs resulted in a significant increase of 3.8 ± 2.2 N (p=0.014) in FDP 

loads compared to inside-chiasm repairs.  
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Figure 3.5: Tendon Load vs. Finger Flexion 
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Flexor tendon loads experienced by a) FDP and b) FDS as a function of percent flexion range. 

Tendon loads increased with flexion angle for every condition (p<0.001). At full flexion, the 

outside-chiasm repairs significantly increased FDP loads by 3.8 ± 2.9 N (p=0.014) and reduced 

FDS loads by 1.5 ± 1.2 N (p=0.015) compared to the intact condition. 

3.3.3 Work of Flexion 

From the intact condition, outside-chiasm repairs significantly increased the WOF for FDP 

by 115.3 ± 56.3 N.mm (p<0.001), while reducing WOF for FDS by 67.3 ± 111.2 N.mm 

(p=0.042) (Figure 3.5). The inside-chiasm repairs did not significantly affect WOF; 

measured differences were +26 ± 48.6 N.mm (p=0.082) and -31.6 ± 60.1 N.mm (p=0.089) 

for FDP and FDS, respectively. Comparing the two repairs, the WOF by FDP was 89.3 ± 

65.1 N.mm greater with outside-chiasm than with inside-chiasm repair (p<0.001). The 

WOF by FDS was not affected by repair type (p=0.381).  

 

Figure 3.6: Work of Flexion 

Work of flexion summed over the full range (WOF) as a function of repair type (n=20; 

Mean ± 1 SD; *p<0.05; ***<0.001). The outside-chiasm repair significantly increased 
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FDP’s WOF by 115.3 ± 56.3 N.mm (p<0.001) and decreased FDS’ WOF by 67.3 ± 111.2 

N.mm (p=0.042) compared to the intact condition. Furthermore, the outside-chiasm 

repair resulted in 89.3 ± 65.1 N.mm greater WOF than the inside-chiasm repair 

(p<0.001). The inside-chiasm repair did not significantly affect WOF. 

3.4 Discussion 

The ideal treatment of tendon injuries restores functional stability and motion of 

the finger and alleviates pain; however, treatment of zone II flexor tendon injuries remains 

a challenge despite improvements in repair outcomes14,15. A common concern in zone II 

flexor tendon repair is tendon bulk, which in excess, can restrict tendon gliding through the 

pulley system and impede motion. In particular, repair bulk within the tendon sheath 

around the A2 pulley increases tendon resistance to glide but may reflect a stronger repair. 

Various methods have been used to decrease gliding resistance, however the influence of 

FDP tendon repair position relative to Camper’s Chiasm on tendon load, digit work of 

flexion, and joint motion has not been previously reported3–8. The impact of varying FDP’s 

line of action within the chiasm is unknown; therefore, this study focused on evaluating 

the biomechanics of varying FDP repair location, comparing inside versus outside chiasm 

repairs.  

Using WOF, flexor tendon load, and ROM as measures for effectiveness of the 

repair placement16,17, this in-vitro study found that performing an FDP tendon repair within 

the chiasm did not alter flexor tendon loads in either the FDP or FDS tendons. In contrast, 

FDP repairs done outside of the chiasm significantly increased FDP loads and WOF, 

reaching maximum increases at full flexion of +32% (p=0.014) and +31% (p<0.001), 

respectively. Moreover, FDS loads and WOF were significantly decreased by -9% 

(p=0.015) and -18% (p=0.042), respectively. This indicates that the outside-chiasm repair 

shifted the balance of shared tendon load from FDS to FDP, which is evidenced by their 

mirrored loading patterns (Figure 3.5). However, this redistribution did not conserve the 

total tendon load or WOF. Summing the tendon loads reveals that the inside-chiasm repair 

conserved the total sum of FDP+FDS load, whereas the outside-chiasm repair added more 

than 4 N (10%) to the sum total, with all of this additional tendon load placed on FDP. 
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Comparing repairs to each other, FDP load and WOF were 25% and 22% higher with 

outside-chiasm versus inside-chiasm repairs (p<0.001).  

An important function of the chiasm is to provide a pathway for FDP to move from 

dorsal to palmar relative to FDS, while maintaining a midline pull. Rerouting FDP altered 

the axis of pull and may have introduced intertendinous wrapping as FDP came around the 

side of the FDS tendon, which likely reduced efficiency of excursion18,19. The change in 

axis can be appreciated in the resting position in Figure 3.2. The FDP tendon loads 

observed in Figure 3.5a followed the intact pattern with inside-chiasm repair, but not with 

outside-chiasm, indicating that FDP biomechanics were negatively impacted by removal 

from the chiasm. An interesting observation is that the inside- and outside-chiasm tendon 

load curves cross each other between 20% and 40% of the flexion range – the only sub-

range where the repairs were not significantly different from each other (Figure 3.5). This 

phenomenon occurred in all fingers, and it was more pronounced in FDP than in FDS, once 

again owing to the FDP repairs.  

The chiasm also provides a smooth gliding surface for FDP4,20; however, a rationale 

for rerouting FDP out of the chiasm is to avoid increased intertendinous gliding resistance 

caused by bulk of the FDP repair passing through the FDS slips. In addition, with finger 

flexion, the slips of FDS are thought to compress FDP, possibly causing more compression 

on a tendon repair site and thus increase loads21. These results, however, show that this 

alteration increased FDP loads and WOF significantly compared to both the intact 

condition and inside-chiasm repair, refuting part of the hypothesis made in chapter 1. 

However, in contrast to tendon gliding, a linear relationship between tendon load and 

excursion was established (R2 = 0.9915) based on study findings; supporting the remaining 

part of the hypothesis made in chapter 1. 

Limitations should be considered when interpreting the results: (1) the cadaveric 

specimens used were previously frozen and of advanced age; (2) the sacrificing of the 

tendon sheath and A3 pulley to gain access to the chiasm site was unavoidable and thus, 

may have altered the biomechanics of the finger, however the A2 and A4 pulleys were 

confirmed to be intact; and (3) amputation of the arm proximal to the wrist was necessary 
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to accommodate the simulator. However, a repeated-measures experimental design was 

employed, and thus, any changes in the biomechanics due to the amputation were applied 

to all tested conditions. 

Despite these limitations, this study has important strengths: (1) the 4-core Adelaide 

tendon repair technique reflected standard clinical practice; and (2) the use of an advanced, 

repeatable, and validated in-vitro active motion simulator with position and load control of 

the tendons, which allowed biomechanical measurements of isolated conditions. This is 

evidenced by observations that the repair sequence did not affect tendon loads (p=0.309) 

or WOF (p=0.498), and ROM was not altered by either repair (p>0.05). 

3.5 Conclusion 

Findings from this study support the choice to repair FDP tendon lacerations within the 

chiasm as opposed to outside of the chiasm, given that out of chiasm repair increased FDP 

load by an average of 32%. Further clinical correlation is needed to determine the long-

term effects of the changes in tendon loads reflected in our study. 
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Chapter 4  

4 Development of an In-Vitro Swan Neck Deformity 

Biomechanical Model 

 

OVERVIEW: Swan neck deformities are quite common yet challenging to treat. However, 

although various operative and post-operative management protocols have been 

investigated, complications that arise following a SND repair are common and not well 

understood. Hence, the basis of the proposed chapter introduces the use of strain gauges 

to measure strain induced by the PIPJ volar plate in an in-vitro cadaveric setting. This 

study will properly examine, evaluate, and design an advanced swan neck deformity finger 

model that can provide a clear and detailed understanding of how different stresses along 

the flexor/extensor tendons and strains induced by the volar plate can enhance the 

development of a SND. This chapter will then conclude with the relevance of such a model 

and how it will help reduce the risk of complication following a repair.* 

 

 

 

 

 

 

 

* A version of this work has been published: Haddara MM, Fan S, Matache BA, Chinchalkar SJ, Ferreira LM, Suh N. 

Development of an In Vitro Swan Neck Deformity Biomechanical Model [published online ahead of print, 2020 Oct 28]. 

Hand (N Y). 2020;1558944720966736. doi:10.1177/1558944720966736 
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4.1 Introduction 

Swan neck deformity (SND) is a condition characterized by the hyperextension of the 

proximal interphalangeal joint (PIPJ) and the compensatory flexion of the distal 

interphalangeal joint (DIPJ) of the finger1,2. There are several pathoetiologies that produce 

the clinical phenotype of SND3, and causes can originate at the metacarpophalangeal joint 

(MCPJ), the PIPJ, or the DIPJ. Examples of such etiologies include neurologic disorders 

that result in extensor hyperactivity (spinal cord injuries)4, rheumatologic diseases that 

cause attritional tendon ruptures (rheumatoid or psoriatic arthritis)3,5,6, connective tissue 

disorders including Ehlers-Danlos and Marfan’s Syndrome that can cause PIPJ volar plate 

laxity7,8, and post-traumatic causes (flexor or extensor tendon injuries)9,10. In this paper, 

we will focus on SND secondary to distal extensor tendon injury given its common clinical 

prevalence and ease of reproducibility in the cadaveric setting.   

Laceration or rupture of the terminal extensor tendon, known as “mallet finger”, 

results in a flexion deformity at the DIPJ due to the unopposed pull of flexor digitorum 

profundus (FDP) tendon. If left untreated, mallet finger becomes chronic and leads to PIPJ 

volar plate insufficiency as the lateral bands subluxate dorsally and centrally, limiting the 

power of extension at the DIPJ with subsequent hyperextension of the PIPJ, ultimately 

resulting in the characteristic “swan neck” deformity11,12.  

The development of an in-vitro cadaveric swan neck model would provide an 

important baseline for evaluating surgical treatments of SND. Therefore, the primary 

objective of this study was to design a clinically relevant and reproducible cadaveric SND 

model. The challenge is that PIPJ hyperextension is not immediately appreciable following 

mallet finger injury, even when it is thoroughly induced in a cadaver. However, the 

eventual volar plate insufficiency that occurs clinically suggests that an imbalance of soft 

tissue strain arises with the mallet finger injury, and that this persistent imbalance leads to 

attrition of the volar plate. Based on this rationale, we hypothesized that a sudden rise in 

volar plate strain would be detected upon creation of the simulated SND finger injury.  
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4.2 Materials and Methods 

Eight fresh-frozen upper extremities were utilized (4 male, 4 female; age: 69.2 ± 2.4 years). 

Twenty-one digits, comprised of the index, long, and ring fingers were tested. Specimens 

were amputated 15 cm proximal to the wrist. All specimens underwent computed 

tomography (CT) scans and were excluded if any arthritic pathology was present. 

Specimens were thawed for 18 hours prior to biomechanical testing, then checked for 

normal digital passive range of motion (ROM). Simulated active flexion/extension was 

controlled using a previously reported finger motion simulator13. Specimens were 

transfixed in the motion simulator in a supinated position using four transverse screws – 

two in the ulna and two in the radius. The second to fifth metacarpals were then cross-

pinned using two 1.5 mm Kirshner wires (K-wires), and a 2 mm Dacron-braided cable was 

used to constrain the metacarpal K-wires to secure the wrist during simulated active finger 

motions. Finally, a fixed rigid foam block supported the dorsum of the hand in a neutral 

wrist position, as previously reported13.  

Careful dissection of the specimens was performed by a hand surgery resident 

supervised by a fellowship-trained hand surgeon to isolate the flexor digitorum 

superficialis (FDS), flexor digitorum profundus (FDP), and extensor digitorum communis 

(EDC) tendons of the index, long, and ring fingers. A dorsal midline wrist incision was 

made through the skin and subcutaneous tissues. Dissection was carried down to the level 

of the extensor retinaculum, which was incised over the fourth dorsal compartment. The 

EDC tendon slips to the index, long, and ring fingers were identified and independently 

tagged with 0-Vicryl suture using a locking Krakow technique and connected to linear 

servo actuators for testing13. The retinaculum was then repaired and the dorsal skin was re-

approximated with a running closure. Next, a midline volar skin incision was utilized to 

identify the FDS and FDP tendons, which were tagged in the same manner as above. 

Closure was performed in a standard fashion. Saline solution was used to maintain tissue 

hydration throughout simulation to prevent tendon desiccation. 
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4.2.1 PIPJ Extension Angle Measurement 

Three, 2 mm diameter electromagnetic trackers (M180, trakSTAR, ON) were used 

to measure the terminal angles achieved by each joint (DIPJ, PIPJ and MCPJ). To install 

the trackers, short mid-lateral incisions were used along the finger to expose the lateral 

aspect of each bone segment. Then, 2.1 mm holes were drilled in the center of each phalanx, 

and a tracker was press-fit into each hole to sit flush within the bone. A fourth tracker was 

also inserted within the metacarpal of the second digit to confirm stable fixation of the 

hand.  

4.2.2 Volar Plate Strain Measurement 

A volar midline incision centered over the PIPJ was utilized, and full thickness 

radial and ulnar skin flaps were raised. The C1, A3, and C2 pulleys were incised, taking 

care to preserve the A2 and A4 pulleys. The flexor tendons were retracted ulnarly, exposing 

the underlying volar plate while ensuring that the integrity of the plate remains intact. Next, 

a small transverse incision was made at the distal edge of the volar plate down to bone, and 

a small uni-axial strain gauge (0.7 cm x 0.3 cm, Omega, CT, United States) was inserted 

deep to the volar plate and fixed using 4-0 Vicryl suture in a figure of 8 configuration. A 

small transverse incision was made at the level of the radial skin flap overlying the middle 

phalanx, and the wire of the strain gauge was passed through this split and secured with 0 

Vicryl sutures (Figure 4.1). The longitudinal skin incision was closed, and the strain gauge 

wires were further secured to the palm of the hand using Mastisol (Ferndale Laboratories, 

Inc., MI, United States) and adhesive tape (Figure 4.2). 
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Figure 4.1: Volar Plate Strain Gauge Insertion 

 

The PIPJ volar plate was identified and separated from bone. The strain gauge was 

inserted under the volar plate and secured with a suture. 
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Figure 4.2: Volar Plate Strain Measurement 

A uni-axial strain gauge was inserted under the volar plate of the index, middle and ring fingers to 

measure strain at full extension. The strain gauge wires were adhered onto the skin using Mastisol 

and reinforced by tape to secure them during motion trials. 



99 

 

 

 

 

4.2.3 Swan Neck Model 

A mallet finger was created using a transverse incision along the dorsal aspect of 

the index, long, and ring finger DIP joints. The terminal extensor tendon was cut by 

dissecting to, but not through, the DIPJ capsule, and confirming that each digit assumed a 

position of resting flexion at the DIPJ after this dissection. 

In order to complete the swan neck model, the previous volar skin incision was 

used, and skin flaps were further mobilized dorsally. Subsequently, a longitudinal incision 

along the radial and ulnar borders of the PIPJ, down to the joint capsule, was made to 

release the transverse retinacular ligaments to allow the lateral bands to subluxate dorsally 

(Figure 4.3). Skin was re-approximated. 

4.2.4 Motion Control and Volar Strain Measurements 

Motion control and data acquisition software was custom coded using the 

LabVIEW programming environment (National Instruments). Tendon excursions were 

closed-loop controlled with servo actuators using the same protocols established in a prior 

study13. Each motion cycle (full flexion followed by full extension) was repeated 5 times 

to assess repeatability. Volar strain values were collected under three finger conditions: 1) 

intact, 2) mallet finger, and 3) swan neck deformity (SND).  

4.2.5 Data Analysis 

A two-way repeated-measures ANOVA model, with a Bonferroni correction, was 

performed to analyze the effect of finger condition with 3 levels (intact, mallet, SND), as 

well as the effect of different fingers (index, long, and ring). Within-subject effects and 

pairwise comparisons were also examined, with significance set at p<0.05. Repeatability 

of the strain gauge was assessed by the standard deviation taken over the 5 repeated trials 

in each condition. In addition, a correlation test was conducted to determine the relationship 

between volar plate strain and PIPJ terminal extension angle.  
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Figure 4.3: Mallet + TRL Release 

The two finger conditions are illustrated: (a) simulated tear in the extensor mechanism at 

the DIPJ (mallet) and (b)TRL release at the PIPJ, resulting in (c) a swan neck deformity. 

Lead wires from electromagnetic trackers are seen protruding transversely from the bone 

segments, and the volar plate strain gauge lead wires protruding from the PIPJ.  
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4.3 Results 

4.3.1 Volar Plate Strain 

The intact condition at full extension served as the baseline for determination of 

delta strain (ΔStrain) measured at the volar plate, which represented the change in strain 

from the intact condition to the subsequent mallet and SND conditions (Figure 4.4). Strain 

in the volar plate increased progressively with creation of the mallet and SND conditions 

(p=0.015). At terminal extension, the mallet condition  increased volar plate strain by 

0.27±0.13 milli-strain over the intact condition (baseline), accounting for 26% of the 

overall increase; however, not statistically significant. Subsequent sectioning of the TRL 

to create the SND increased volar plate strain by an additional 0.58±0.18 milli-strain over 

the mallet (p=0.031), which accounted for 74% of the total increased strain. Repeatability 

of the strain gauge was 0.10, 0.07 and 0.06 milli-strain for the intact, mallet and SND 

conditions, respectively. This degree of variability was equivalent to 26% of the average 

change from intact to mallet conditions, and to 13% in the SND condition, which was 

sufficiently repeatable to detect the SND with statistical significance.  

4.3.2 PIPJ Hyperextension 

Hyperextension, defined as increased in PIPJ terminal extension angle, was 

calculated relative to the baseline intact condition (Figure 4.5). The mallet condition caused 

a 0.1±0.5% (0.1±0.1) hyperextension, and the SND condition caused a 0.2±0.6% 

(0.2±0.1) hyperextension. As predicted, neither was statistically significant; however, 

correlating the mean hyperextension with volar plate strain produced a strong positive 

linear correlation (R2=1.0, p<0.001) (Figure 4.6). 
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Figure 4.4: Change in Volar Plate Strain 

At terminal extension, the change in strain is plotted as a function of finger condition 

(*p<0.05), where whiskers denote standard error from the RM-ANOVA model (n = 21). 

Inducing the SND condition significantly increased volar plate strain (p=0.015). The 

mallet condition accounted for 26% of the increase from the intact condition (baseline); 

however, not statistically significant. Subsequent creation of the SND accounted for 74% 

of the total increased volar plate strain (p=0.031). 
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Figure 4.5: Change in PIPJ Angle at Terminal Extension 

At terminal extension, the change in PIPJ’s terminal angle is plotted as a function of 

finger condition, where whiskers denote standard error from the RM-ANOVA model (n = 

21). The mallet and SND conditions caused an overall increase of 0.1±0.5% and 

0.2±0.6%, respectively, in PIPJ’s terminal angle compared to the intact condition; 

however, not statistically significant.  
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Figure 4.6: Correlation of PIPJ Hyperextension with Volar Plate Strain 

At terminal extension, the relationship between strain and PIPJ’s terminal angle is plotted 

for the mean of 21 digits (R2=1.0, p<0.001).  
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4.4 Discussion 

There is a vast pool of conceived surgical and non-surgical interventions aimed at 

restoring finger function following the progression to a SND from a chronic mallet finger 

injury. Although current treatment of SND is targeted to address the etiology of the 

deformity, there are still multiple repair techniques to be considered. For example, surgical 

options for SND secondary to chronic mallet deformity include tenodermodesis5, Fowler 

central slip tenotomy, spiral oblique retinacular ligament (SORL) reconstruction7, and 

salvage procedures (such as fusion). Current literature is inconclusive on which method of 

surgical intervention is superior. In order to examine this problem, clinicians must have a 

thorough understanding of digit biomechanics under normal and advanced injury 

conditions14. To our knowledge, this is the first study to directly examine the deformation 

of the volar plate, and to report a clear model of strain progression under both mallet finger 

and swan neck deformity finger conditions. 

This study produced results that exhibited an increase in strains at the volar plate 

(from baseline) once a mallet finger was induced. Strain was further increased with release 

of the radial and ulnar TRL. Thus, with the simulated progression of a mallet deformity to 

a SND, strain at the volar plate further increased significantly. These results may suggest 

that clinical treatment of SND may involve enhancing the supportive role of the volar plate 

at the PIPJ. In addition, although changes with SND was observed, these results may also 

suggest that the sensitivity of the strain gauge was not ample enough to detect significant 

stain changes between the mallet finger condition and the intact condition, refuting the 

hypothesis made in chapter 1. Lastly, surgical intervention may need to address the 

increasing strain at the volar plate, which presumably worsens the deformity by causing 

volar plate laxity.  

There are several limitations to this study. First, the cadaveric specimens used were 

previously frozen and of advanced age. The specimens also had to be amputated at the mid- 

to proximal forearm level (15 cm proximal to the carpus) in order to use the active motion 

simulator. Amputation at this level may have altered the biomechanics of the digit 

secondary to reduced friction and load on the tendons compared to an in-vivo state. 
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Additionally, in order to insert the strain gauge beneath the volar plate, the A3, C1, and C2 

pulleys had to be sacrificed. This may have altered the biomechanics of the digit, although 

we ensured that the A2 and A4 pulleys, which have previously been shown to be the most 

important in flexor tendon function due to their osseous insertions15, were left intact. 

Moreover, since sacrifice of those pulleys was made before the baseline condition, the 

application of a repeated-measures study design isolated the effect of the conditions tested. 

Despite these limitations, this study has several strengths. The use of a highly 

sensitive strain gauge to measure deformation at the volar plate is a novel concept, which 

made it possible to detect the initiation of heightened tissue strains – an effect otherwise 

too small to be detected as PIPJ hyperextension using kinematic measurement devices. The 

strong positive correlation that was observed between PIPJ hyperextension and volar plate 

strain supports the use of strain as a surrogate measurement for hyperextension. The use of 

a validated finger motion simulator13, provided highly repeatable motions and tendon 

loads, which further improved the sensitivity to detect minute changes in strain. Moreover, 

this study used a large sample size (n = 21) to develop this anatomic model of SND and to 

ensure statistical power was adequate. 

4.5 Conclusion 

In this study, we were able to detect a sudden increase in volar plate strain at the PIPJ with 

statistically significant and clinically significant increases above 20%. We believe that, in 

the in-vivo state, this heightened and persistent strain leads to attrition of the volar plate 

and surrounding soft tissues that are meant to resist hyperextension of the PIPJ. Moving 

forward, this swan neck strain model can be used in studies to evaluate the influence of 

different surgical interventions on the strain at the volar plate within a defective digit.  
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Chapter 5  

5 The Effect of a Flexor Digitorum Superficialis 

Hemitenodesis on Reducing Volar Plate Strains for Swan 

Neck Deformities 

 

OVERVIEW: Flexor digitorum superficialis (FDS) hemitenodesis is a common procedure  

for treating chronic swan neck deformity yet lacks support due to the lack of literature 

assessing the biomechanical effectiveness of the repair. Hence, the basis of the proposed 

chapter is to evaluate the impact of a FDS hemitenodesis on joint ROM and strains induced 

by the volar plate. Furthermore, this chapter also discusses the effectiveness of combining 

a commonly used distal interphalangeal (DIP) fusion approach with the hemitenodesis.* 

 

 

 

 

 

 

 

 

 

 

 

 

* A version of this work has been published: Haddara MM, Kadar A, Ferreira LM, Suh N. Effect of a Flexor Digitorum 

Superficialis Hemitenodesis on Reducing Volar Plate Strains for Swan Neck Deformities [published online ahead of 

print, 2021 Aug 23]. Hand (N Y). 2021;15589447211040877. doi:10.1177/15589447211040877 
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5.1 Introduction 

Treatment of swan neck deformities (SND) elicited by an injury or tear to the extensor 

mechanism at the DIP joint or mallet finger is common yet challenging. The choice of 

treatment selected is highly dependent on the severity of the deformity. It can range from 

a conservative approach using a cast or a blocking splint, to a more invasive approach such 

as fusion of joints using metal K-wires or a full joint arthroplasty1–7.  

Although various treatment methods are commonly used today, multiple studies 

have evaluated the effectiveness of surgical management versus non-surgical management 

in regards to repairing a SND condition8–15. Nearly all of the studies concluded that surgical 

intervention is a more favourable choice than conservative treatments, as complications 

that arise following SND treatment are less frequent with surgery (3-53%) compared to 

non-surgical treatments such as splinting (45%)16.  

A commonly practiced surgical approach used today for SND correction is through 

a flexor digitorum superficialis (FDS) hemitenodesis, using one slip of the FDS tendon 

looped around the A2 pulley17–19. Littler20 first described the technique of superficialis 

tenodesis in 1959; however surprisingly little has been written about the biomechanical 

effects of the technique21. Ciclamini22, Catalano23, and Froelich24 have all advocated for 

this technique for correction of supple swan-neck deformities, but with uncertainty on the 

biomechanical consequences.   

Consequently, the optimal treatment choice for SND remains controversial. 

Therefore, the primary purpose of this study was to evaluate the effectiveness of the FDS 

hemitenodesis repair. The performance metrics were volar plate strain and flexor tendon 

loads, measured using a previously validated in-vitro swan neck model25. The secondary 

objective of this study was to evaluate the effectiveness of combining a distal 

interphalangeal (DIP) fusion with the hemitenodesis as an approach to providing additional 

stability and laxity correction in the proximal interphalangeal joint (PIPJ).  
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5.2 Materials and Methods 

Fifteen digits, comprised of the index, long, and ring fingers were tested from five 

freshly frozen cadaveric specimens (age: 70 ± 10; 4 males, 1 female). Specimens were 

excluded from the study if their computed tomography scans showed the presence of 

osteoarthritis or any other visible deformities at the finger joints. All screened specimens 

were amputated 15 cm proximal to the wrist and then thawed overnight (approx. 16 hours) 

at room temperature prior to testing. 

5.2.1 Specimen Preparation 

The transversely sectioned distal radius and ulna were secured in the finger motion 

simulator using screws in each bone, with attention to maintaining neutral forearm rotation. 

Careful dissection of the specimens were performed by a hand fellowship-trained surgeon 

to isolate the flexor digitorum profundus (FDP), flexor digitorum superficialis (FDS), and 

the extensor digitorum communis (EDC) tendons of each finger. Once isolated, each 

tendon was subsequently sutured to linear servo actuators using 0-braided Vicryl 

(ETHICON®, Somerville, NJ, United States) in a locked Krakow fashion26. In addition, 

two K-wires were inserted transversely through the metacarpals to ensure stability during 

finger motion and a rigid foam block was placed below the hand to maintain a neutral wrist. 

The hand was then further stabilized using 2 mm Dacron braided cables (Melton 

International Tackle, Anaheim, CA, United States) to constrain the metacarpal K-wires and 

prevent movement of the wrist during simulated active finger motion. 

5.2.2 In-Vitro Active Finger Motion Simulation 

Finger flexion and extension motions were performed by controlling tendon 

excursions and loads. Tendon load feedback was provided by a uni-axial load cell (Model 

34, Honeywell, Charlotte, NC, United States) mounted to the end shaft of each linear servo 

actuator and closed-loop load control was achieved with custom LabVIEW code. In order 

to determine tendon excursion for each finger, a flexion trial in the intact condition was 

initially performed by moving FDP and FDS in position control against a constant 10 N 
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antagonist load on the extensor until full flexion range of motion (ROM) was achieved in 

all joints (MCP: 83 ± 10, PIP: 101 ± 13, DIP: 57 ± 9). Once determined, subsequent 

SND and repair conditions following intact were each tested with the same tendon 

excursion and motion sequence as the intact condition. This was repeated for finger 

extension, with the extensor tendon in position control against a constant 5 N load on each 

flexor tendon.  

5.2.3 Swan Neck Deformity (SND) Model 

A SND condition was created through a mallet finger followed by a transverse 

retinacular tear. Initially, a transverse incision just proximal to the dorsal aspect of the DIPJ 

was made, exposing the terminal extensor tendon. The tendon was incised transversely to 

create the mallet finger taking care not to violate the joint capsule. Once the tendon was 

incised, the digit assumed a position of resting flexion at the DIPJ, confirming the creation 

of a mallet finger. Subsequently, a longitudinal midline incision extending from the volar 

base of the finger to the distal interphalangeal joint volar crease was made. Soft tissues 

were elevated along the radial and ulnar borders of the PIPJ, exposing the transverse 

retinaculum ligament (TRL). The TRL was then sharply incised with a longitudinal lateral 

incision. Incising the TRL allowed the lateral bands to subluxate dorsally, thus completing 

the swan neck deformity model. Skin was then re-approximated to maintain specimen 

hydration. 

5.2.4 Flexor Digitorum Superficialis (FDS) Hemitenodesis 

FDS hemitenodesis was performed on all specimens (Figure 5.1). This technique 

employs one slip of the FDS as a static restraint against a flexible hyperextension of the 

PIPJ. Several variations of this technique have been described, differing mostly in the 

location where the tendon is secured27. We utilized tenodesis of one slip of the FDS to the 

A2 pulley. Following exposure of the A2, A3, A4 and cruciate pulleys through a central 

incision, we incised the cruciate pulley to expose the FDS tendon insertion. Traction on the 

ulnar slip of the FDS was then applied and pulled distally to incise it as proximal as 

possible. Caution was taken not to injure the radial slip of the FDS, which was kept intact. 
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A transverse incision in the distal third of the A2 pulley was then created, and a small 

tendon retriever was used to pull the ulnar slip through the incision in the pulley. 

Subsequently, we completed the tenodesis by suturing the slip onto itself with two figure 

of eight sutures using a 3-0 Vicryl28 (ETHICON®). A 10° PIPJ flexion angle position was 

chosen for the tenodesis23. The skin was closed with interrupted 3-0 Nylon sutures 

(ETHICON®).         

5.2.5 DIP Fusion 

 The distal interphalangeal joint, where we had previously induced a mallet finger, 

was fused in neutral position with a 0.062-inch Kirschner Wire inserted from the tip of the 

distal phalanx, retrograde across the joint and to the middle phalanx. It was confirmed that 

the K-Wire was not left protruding in any direction and that the joint was firmly fused.       

5.2.6 Joint Angle Measurement 

Joint angles were measured using a trakSTAR® (NDI, Waterloo, ON, Canada) 

electromagnetic tracking system. Small electromagnetic position and angle sensors 

recorded the terminal joint extension angle achieved by each joint (DIPJ, PIPJ, and MCPJ). 

To install the trackers, short lateral incisions were made along the finger to expose each 

bone segment. Three electromagnetic trackers (2 mm Ø, model M180, trakSTAR, NDI) 

were then press-fit into a drill hole made laterally at the center of each phalanx. A fourth 

tracker was also inserted in the metacarpal of the second digit to confirm stable fixation of 

the hand.  
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Figure 5.1: FDS Hemitenodesis Technique 

One slip of the FDS was utilized as a static restraint secured to the A2 pulley. (a) A 

transverse incision in the distal third of the A2 pulley was created and a small tendon  

retriever was used to pull the ulnar slip through the incision. Subsequently, tenodesis was 

completed by (b) looping the slip over the A2 pulley and (c) suturing the slip onto itself 

with two figure of eight sutures.  
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Figure 5.2: Strain Gauge Insertion Process 

The volar plate was identified, and a 5 mm transverse incision was performed over its 

insertion to the middle phalanx. Astrain gauge was inserted underneath the volar plate 

(a, b) and secured with a suture (c). 
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5.2.7 Volar Plate Strain Measurement 

Strain at the volar plate was measured to indicate the onset of strain imbalance 

caused by the simulated SND, and to evaluate the effect of each injury and repair condition 

against the baseline intact condition. To install the strain gauge, a mid-line incision was 

made along the length of the volar surface of each digit to locate and identify the volar 

plate. Sacrificing of the A3 pulley was necessary for gaining clear access to the volar plate. 

A strain gauge was inserted under the volar plate and secured using 4-0 Vicryl sutures in a 

figure of 8 configuration (Figure 5.2). A small transverse incision was made at the level of 

the radial skin flap overlying the middle phalanx, and the wire of the strain gauge was 

passed through this split and secured with 0-Vicryl sutures. The longitudinal skin incision 

was closed, and the strain gauge wires were further secured to the palm of the hand using 

Mastisol (Ferndale Laboratories, Inc., MI, United States) and adhesive tape. Strain 

measurements were collected with custom code made in the LabVIEW programming 

environment (National Instruments, Austin, TX, United States). 

5.2.8 Motion Trial Protocols 

All measurements of volar plate strain and joint angles were collected under four 

finger conditions (Figure 5.3): 1) intact; 2) swan neck deformity (SND); 3) FDS 

hemitenodesis; and 4) DIP fusion. All remaining tissues within the specimen were left 

intact and saline solution was used to maintain hydration throughout testing to prevent 

desiccation. All four conditions were tested in each finger in a repeated-measures model. 

Each finger motion was repeated 5 times to assess repeatability. Measurements from the 

5th motion trial were recorded for statistical analysis, with the first 4 motions ensuring that 

the finger was preconditioned following the prior surgical intervention. 

5.2.9 Statistical Analysis 

A minimum sample size of n=6 was determined using G*Power software with a 

repeated-measures ANOVA model, set to achieve statistical significance with 80% power 

for an effect size of 1.098. The effect size was determined from pilot tests in four 

specimens. Multiple one-way and two-way repeated-measures ANOVA models, with 
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Bonferroni correction, were performed to analyze the effect of volar plate strain, tendon 

load, and PIPJ angle under all 4 conditions (intact, SND, FDS hemitenodesis, and DIP 

fusion). Within-subject effects and pairwise comparisons were also examined, with 

significance set at p<0.05.  

 

Figure 5.3: Finger Conditions 

The three finger conditions following intact are illustrated, (a) swan neck deformity, (b) 

FDS Hemitenodesis and (c) DIP Fusion. The hyperextension of the PIPJ and the flexion 

of the DIPJ represent the characteristics of a true swan neck deformity case. A fulcrum in 
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(a) and (b) was used underneath the digit to illustrate the significant deformation and 

subsequent repair in the finger. 

5.3 Results 

5.3.1 PIPJ Terminal Extension Angle 

 For each condition, the change in PIPJ’s range of motion, or delta PIPJ angle, was 

calculated as the maximum extension achieved in comparison to the intact condition. Thus, 

a positive value represents an increase in extension range (i.e. hyperextension), while a 

negative value represents a loss (Figure 5.4). The simulated SND increased the terminal 

extension angle by 0.2 ± 0.6º compared to the intact condition, though not statistically 

significant. Repairing SND through FDS hemitenodesis caused a loss in terminal extension 

angle of 10.2 ± 3.8º (p<0.01). Following the FDS hemitenodesis with a DIP fusion further 

reduced the extension range to a terminal extension angle of 10.7 ± 4.2º compared to the 

intact condition  (p<0.01).  
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Figure 5.4: Change in PIPJ Angle at Terminal Extension 

At terminal extension, the change in PIPJ’s terminal angle is plotted as a function of 

finger condition, where whiskers denote standard error of 15 finger specimens. 

Simulation of a SND condition caused an overall increase of 0.2 ± 0.6 degrees in PIPJ 

extension (hyperextension) compared to the intact condition; however, not statistically 

significant. Repair using FDS Hemitenodesis and DIP Fusion caused an overall decrease 

of 10 ± 4 degrees and 11 ± 4 degrees, respectively. 
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5.3.2 Volar Plate Strain 

In order to compare the four tested conditions by changes in PIPJ volar plate strain, 

a common maximal extension angle was selected. Since DIP fusion caused the greatest 

loss of extension range, strain measurements for all four conditions were extracted at the 

terminal extension angle of the DIP fusion condition. This terminal angle was determined 

individually for each finger, and the resulting volar plate strains are plotted in Figure 5.5. 

The SND condition significantly increased volar plate strains by 6.6 ± 4.0 milli-strain 

compared to the intact condition (p<0.001). Surgical correction of the deformity through a 

FDS hemitenodesis significantly reduced strains by 3.6 ± 2.5 milli-strain compared to the 

SND condition (p<0.001). This was a 50% reduction, which restored volar plate strain to 

within a statistically non-significant difference from the intact condition. Further correction 

of the deformity through a DIP fusion caused an additional reduction of 0.4 ± 1.0 milli-

strain, which was also a statistically significant reduction from the SND condition 

(p<0.001), though not significantly different from the FDS hemitenodesis.  

5.3.3 Flexor Tendon Loads 

Flexor tendon loads were all evaluated at the full flexion range of each finger 

(Figure 5.6). From the intact condition, creation of the SND decreased FDP load by 0.6 ± 

0.9 N (p=0.202) and decreased the FDS load by 1.2 ± 1.6 N (p=0.065), though these 

reductions were not statistically significant. Surgical repair with FDS hemitenodesis 

significantly decreased FDS load by 1.3 ± 1.3 N (p=0.012) from the SND and increased 

FDP load by 2.1 ± 1.5 N (p<0.001). Additional repair through a DIP fusion further 

decreased FDS load significantly by 0.8 ± 0.8 N (p=0.009) from the FDS hemitenodesis, 

whereas FDP load increased 0.6 ± 1.0 N, though not statistically significant (p=0.182). 
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Figure 5.5: Volar Plate Strain 

At DIP Fusion’s terminal extension, the volar plate strain is plotted as a function of finger 

condition (*p<0.05), where whiskers denote standard error of 15 finger specimens. The 

SND condition caused a 176 ± 95% increase of strain (p<0.001) compared to the intact 

condition. Subsequent repair with the hemitenodesis resulted in of 181 ± 523% significant 

reduction in strain compared to the SND condition, restoring strains to within 3.0 milli-

strain of the intact condition (p=0.158). DIP fusion also produced an added apparent 

reduction of 87 ± 252% in strain compared to the hemitenodesis condition, though not 

statistically significant (p=0.776). 
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Figure 5.6: Flexor Tendon Loads 

At full finger flexor, flexor loads, FDP and FDS, were plotted as a function of finger 

condition (*p<0.05), where whiskers denote standard error of 15 finger specimens. FDP 

and FDS load values diverged as a function of finger condition (p=0.001). With the 

hemitenodesis, FDP load caused a 99 ± 12% increase where FDS load experiences an 77 

± 10% decreased from the SND condition. Simulation of the DIP fusion continued to 

cause a divergence in tendon load further increase FDP load by 86 ± 6% and decreasing 

FDS load by 81 ± 7% compared to the hemitenodesis condition. 

 

 

 

 



123 

 

 

 

 

5.4 Discussion 

Swan neck is a challenging deformity to treat. The goal of treatment of symptomatic 

chronic injuries is to restore functional stability of the PIPJ and alleviate any pain. A 

hemitenodesis using a slip of the FDS tendon is an established treatment option for PIPJ 

hyperextension correction. However, the influence in which hemitenodesis has on the 

changes in internal kinematics, such as strain at the volar plate and flexor tendon load, was 

never investigated29. Therefore, this study focused on evaluating the effect of a commonly 

performed FDS hemitenodesis approach, with the addition of a DIP fusion for further 

stability, on the changes in strain induced by the affected volar plate and the internal loads 

experienced by flexor tendons for the correction of chronic mallet deformity with resultant 

swan-neck deformity. To the best of our knowledge, this is the first study that directly 

examined the degree of deformation in the volar plate and the loads withstood by the flexor 

tendons in response to a swan neck simulation and subsequent repair.  

Using flexor tendon load and strain as a surrogate measure for effectiveness of the 

repair, our study found that application of a hemitenodesis had a significant effect on volar 

plate strain and tendon load following SND correction, with the SND condition resulting 

in a 176% increase in volar plate strain compared to the intact condition. Subsequent repair 

with the hemitenodesis resulted in a 181% reduction of strain compared to the SND 

condition, restoring strains to within 3.0 milli-strain of the intact condition, which was not 

significantly different (p=0.158). DIP fusion also produced an added apparent reduction of 

87% in strain compared to the hemitenodesis condition, though this did not reach statistical 

significance (p=0.776). These results support the use of FDS hemitenodesis to prevent the 

progression of a SND induced by increased strain across the PIPJ. The DIP fusion did not 

further reduce strain compared to FDS hemitenodesis, which was observed in every finger. 

This suggests that DIP fusion does not further protect the PIP joint from increased 

hyperextension stress; possibly a reason to not employ a DIP fusion.  

In addition, FDP and FDS load values diverged as a function of finger condition 

(p=0.001). With the hemitenodesis, FDP load increased by 2.1 N (+13%) where FDS load 

decreased by 1.3 N (-11%) from the SND condition. Simulation of the DIP fusion 
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continued to cause a divergence in tendon load with FDP loads further increasing by 0.6 N 

(+5%) compared to the hemitenodesis condition and FDS load further decreasing by 0.8 N 

(-8%). The divergence in load following FDS hemitenodesis is significant and likely due 

to the nature of the repair; however, the further increase in divergence following a DIP 

fusion is likely due to an imbalance between flexor tendon loads. Thus, further 

strengthening the choice to not employ DIP fusion with a hemitenodesis in the correction 

of a SND. Our ability to place these findings in the context of the existing literature is 

limited by the lack of published biomechanical case reports following SND correction.  

FDS hemitenodesis, as well as other procedures to limit hyperextension of the PIPJ 

(Volar plate advancement, oblique retinaculum ligament reconstruction) has been utilized 

to treat flexible SND with mixed outcomes. Catalano et al. reported overall favorable 

results with return to function and minimal pain for most of his case series of 12 patients23. 

The major complication reported in his cohort was flexion contracture of the PIPJ. 

Conversely, Ciclamini et al. recently reported less reliable outcomes of FDS hemitenodesis 

with a common major complication of PIPJ hyper-extension relapse. The authors of the 

latter study hypothesized that the FDS tendon used to limit strains across the PIPJ will 

ultimately fail due to the strain across a vulnerable soft tissue22. The premise of soft tissue 

procedures to treat SND is preventing the flexible form of SND from progressing to a fixed 

deformity with the associated pain and disability. Our study provides the biomechanical 

rational to this premise, namely, reducing the strain across the volar plate and keeping this 

important PIP stabilizer functional and robust. It should be noted that harvesting half of the 

FDS reduces its ability to share the loads on finger flexion and causes the FDP to carry 

more loads. The clinical correlation of this biomechanical finding is still unclear.   

Surgical treatment of the DIP flexion deformity that is part of SND is a matter of 

debate. McKeon at al suggested that the addition of DIP fusion or arthrodesis should be 

left to the treating surgeon and patient discretion, and judged by the pain and functional 

limitation the DIP deformity creates6. Certainly, DIPJ fusion is not a routine part of 

repairing the PIPJ hyperextension and non-operative treatment of the DIPJ deformity is 

optional as an alternative to the surgical fixation6. From a biomechanical standpoint, our 
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findings suggest there are no additional benefits of fusing the DIPJ in reducing strain across 

the PIPJ. Moreover, fusion the DIPJ adds to the imbalance of the flexor tendon loads.   

Limitations should be considered when interpreting the results: (1) The cadaveric 

specimens used were previously frozen and of advanced age; (2) the sacrificing of the A3 

pulley to gain access to the volar plate site was inevitable and thus, the loss of the pulley 

may have altered the mechanics of the finger; and (3) amputation of each arm proximal to 

the wrist to accommodate for the simulator used. However, a repeated-measures 

experimental design was employed, and thus, any changes in the mechanics due to the 

amputation were applied to all tested conditions. 

Despite limitations, a few important strengths should be considered within the 

study: (1) the use of an advanced, repeatable ,and validated active motion simulator with 

position and load control of the tendons, in comparison to previously reported in-vitro 

finger motion simulators; (2) the accurate measurement method of recording strain, load, 

and joint angle changes within the volar plate, tendons, and PIPJ respectively, (3) a large 

sample size where an analysis was performed to predict sufficient statistical power for the 

hypothesis test, which is an improvement compared to standard practice in upper extremity 

in-vitro motion testing; and (4) the routing of the FDS hemitenodesis technique was 

standard and reflected standard clinical practice. 

5.5 Conclusion 

Findings from this study support the use of FDS hemitenodesis to reduced strain across the 

PIPJ following swan neck deformity. The role of DIPJ fusion however, remains uncertain 

and showed no additional benefits in our biomechanical analysis. Further clinical 

correlation is needed to determine the long-term effects of the changes in tendon loads 

reflected in our study. 
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Chapter 6  

6 Evaluation and Comparison of In-vitro Joint Kinematics 

using Motion-Based Coordinate Frames vs. Anatomical 

Landmarks 

 

OVERVIEW: Despite the availability of the International Society of Biomechanics (ISB) 

recommendations for anatomical frame orientation, no consensus exists about motion 

representations related to finger kinematics. This chapter proposes the use of novel motion 

based coordinate frames to quantify finger joint kinematics. It begins with an review of 

current variations in joint coordinate systems (JCS) among studies followed by findings 

from different research groups. This chapter then evaluates the accuracy of the novel 

derived helical axes during finger motion and evaluates the reliability and accuracy of 

results in comparison to ISB’s anatomical frame definitions.   
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6.1 Introduction 

The interest in upper limb joint kinematics has provided valuable outcomes for 

clinical analysis and musculoskeletal modelling over the years1–5. However, to accurately 

represent joint motion, Joint Coordinate System (JCS) conventions must be applied. In an 

effort of standardization, recommendations on constructing anatomical frames for upper 

limb segments, including the fingers and wrist, have been previously proposed by the 

International Society of Biomechanics (ISB)6. Many authors have adopted the techniques 

as per ISB Recommendation7–11; however, a challenge and limitation of creating anatomy-

based frames is the need to denude to locate and digitize unique features on bones, which 

is a large source of error introducing both intra- and inter-user variabilities that hamper 

reproducibility across research groups. Moreover, the need to denude specimens often 

interferes with the desired testing protocol, which limits testing conditions and encourages 

researchers to modify their anatomy digitizing method, leading to departures from 

standardized approaches.  

Therefore, recent studies have investigated new alternatives to anatomical joint 

coordinate frames by using functional frames (i.e. helical axis)12–16. A thorough study 

conducted by Goislard de Monsabert et al. analyzed and compared the effect of both 

anatomical and functional frame definitions for the hand10. Their findings supported the 

use of functional frames when investigating complex three-dimensional movements, as the 

functional frame method reduced kinematics cross-talk on the secondary and tertiary 

Cardan angles by up to 20°. Various models, both conceptual and practical, have been 

proposed with an aim to accurately measure fine hand motion to address any cross 

validation analysis difficulties and allowing for post data processing compatibility7,17,18. 

This abundance of different methods for finger anatomical frame construction makes 

standardizations difficult in clinical applications and motion evaluation.  

Therefore, the objective of this study was to quantify and validate the use of a new 

Motion-based Coordinate System (MCS) functional frame definition for finger joints using 

helical axes (HA) in an in-vitro setting. This model was directly compared to the 
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standardized ISB’s recommendations for JCS anatomical frame (AF) construction within 

the same model.    

6.2 Methods and Materials 

Eleven digits, consisting of the index, long, and ring fingers from 4 fresh-frozen 

upper extremities were utilized (4 male; age: 66±4.7 years). Specimens were excluded if 

their computed tomography (CT) scans showed presence of osteoarthritis or any other 

deformities. All screened specimens were amputated 15 cm proximal to the wrist, then 

thawed overnight (approximately 16 hours) at room temperature prior to testing, and then 

checked for normal passive range of motion (ROM)19–22. 

6.2.1 Specimen Preparation 

Prior to testing, each finger had undergone a simulated tear of the Flexor Digitorum 

Profundus tendon at the distal insertion with a surgical repair performed by an orthoplastic 

surgeon, which is a common pathology and clinically relevant condition. Dissection of the 

wrist was performed to isolate the Flexor Digitorum Profundus (FDP), Flexor Digitorum 

Superficialis (FDS), and the extensor digitorum communis (EDC) of each finger. Once 

isolated, each tendon was sutured with a Krackow stitch and connected to linear actuators 

of a previously reported active motion simulator19–22. Specimens were secured in the 

motion simulator in a supinated position using four transverse screws – two in the ulna and 

two in the radius. The dorsum of the hand was supported by a rigid foam block. The second 

to fifth metacarpals were cross-pinned with two 1.5 mm K-wires, and a 2 mm Dacron-

braided cable was tied to the K-wires and wrapped around the foam block to secure the 

hand and prevent wrist flexion during simulated active finger motions. All thawing and 

specimen setup procedures were consistent with previously reported studies19–22. 

6.2.2 In-Vitro Active Finger Motion Simulation 

Simulated active finger flexion/extension was controlled using a previously 

reported finger motion simulation protocol, which uses tendon displacement control in the 



133 

 

 

 

 

agonists and load control in the antagonists20. Flexion motions were performed by moving 

FDP and FDS in displacement control against a constant 10 N extensor antagonist load 

until full flexion ROM was achieved in all joints. This was repeated for finger extension, 

with the extensor tendon in displacement control against a constant 2 N load on each flexor 

tendon. Five full motion cycles were conducted for each finger. Tendon displacement was 

set to a rate of 0.6 in/sec [ref], and all motion trials were performed with consistent tendon 

excursions.   

6.2.3 Motion Analysis 

 Finger segments were tracked using an electromagnetic transmitter system 

(trakSTAR, Northern Digital Inc., Canada) and four electromagnetic tracker sensors (Ø2 

mm, model M180, trakSTAR, NDI, nominal accuracy: 1.4 mm). To install the trackers, 

short lateral incisions were made along the finger to expose the lateral aspect of each bone 

segment. Each tracker was then inserted laterally in a 2.1 mm hole at the center of each 

bone segment of interest (distal phalanx, middle phalanx, proximal phalanx, and 

metacarpal) (Figure 6.1). Rigid fixation was achieved by interference tolerance fit. 

 

Figure 6.1: Electromagnetic Tracker Sensor Installation 

 

Tracker sensors of diameter Ø2 mm were inserted into a hole drilled in each bone segment. 
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Kinematic analysis Data measured from the trackers were imported into a 

customized software program called The MotionMonitor xGEN (TMM, Innovative Sports 

Training Inc., Chicago). This dataset included the positions and orientation of the trackers 

during active functional movements which consisted of a repeated 5 flexion-extension 

motion trial of the long fingers from partial full extension to partial full flexion (limiting 

the finger from reaching maximum flexion-extension endpoints). Discrete motion 

pathways of each segment were dictated in each bone segment to obtain the associated 

mean helical axis orientations (direction cosines) required for coordinate system building. 

In addition, this software allows for a virtual construction of the finger segments using 

temporary palpated discrete points with a single electromagnetic tracker stylus to create a 

fully animated 3D virtual finger model for real-time finger motion purposes only. 

6.2.4 Anatomical Landmark Digitization 

To construct ISB’s AF, a total of 16 anatomical landmarks (ALs) (4 for each finger 

segment) following ISB recommendations were used6. These landmarks were referenced 

as MC, PP, MP, and DP for metacarpal, proximal phalanx, middle phalanx, and distal 

phalanx, respectively where ‘O’ is for origin of the segment and each frame, ‘H’ is for 

center of the distal epiphysis (obtained by averaging coordinates of 15 palpated landmarks), 

‘B’ is for the center of the proximal epiphysis (obtained the same way as H), and HM is 

for the center medial point to the distal epiphysis (Figure 6.2). ALs were taken by denuding 

each finger segment, while maintaining rigid fixation of trackers in bone, and importing 

palpated bony landmarks (Table 6.1).   
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Figure 6.2: Bone Landmark Digitization 

Landmarks used for the anatomical frame construction of the proximal phalanx: (A) 15 

digitized landmarks on the proximal and distal epiphysis (green and blue, respectively) 

creating the centroid points MP.B and MP.H displayed in red (calculated as the mean 

coordinated of all 15 digitized points), (B) MP.HM digitized point displayed in yellow 

and (C) the origin of the AFs displayed in purple. 
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Table 6.1: Name and Location of Digitized Landmark 

 
Bone Segment Palpated Point Location 

 
 
 

Metacarpal Bone 
 
 
 
 
 
 
 
 
 

Proximal Phalanx 

 

MC.B 

 

MC.H 

 

 

Center of the proximal epiphysis of metacarpal 

 

Center of the distal epiphysis of metacarpal 

 

MC.O 

 

MC.HM 

Midpoint between proximal and distal ends 

 

Medial point of the distal head 

 

 

 

PP.B 

 

 

 

 

Center of the proximal epiphysis of proximal bone 

PP.H 

 

Center of the distal epiphysis of proximal bone 

PP.O Midpoint between proximal and distal ends 

 
 
 
 
 
 

Middle Phalanx 

PP.HM Medial point of the distal head 

MP.B Center of the proximal epiphysis of middle bone 

MP.H Center of the distal epiphysis of middle bone 

MP.O Midpoint between proximal and distal ends 

 
 
 
 
 

Distal Phalanx 

MP.HM Medial point of the distal head 

DP.B Center of the proximal epiphysis of distal bone 

DP.H Center of the distal epiphysis of distal bone 

DP.O Midpoint between proximal and distal ends 

 DP.HM Medial point of the distal head 
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6.2.5 Local Frame Definitions and Motion-Based Coordinate System 

Building 

Two sets of frames were constructed for each finger. The landmark definition corresponded 

to implementation of anatomical frames whereas functional frames included a functional 

joint axis. The axes’ names and conventions were kept consistent for both frames such that: 

-   𝑋𝐽
⃗⃗  ⃗ : The sagittal axis was dorsally oriented [add-abd] 

-   𝑌𝐽⃗⃗⃗   : The longitudinal axis was proximally oriented [int-ext rot] 

-   𝑍𝐽
⃗⃗  ⃗ : The transverse axis was radially oriented (along the helical axis direction for 

the functional frames) [flex-ext] 

To construct the MCS, reference finger positions and functional movements were recorded, 

and one anatomical landmarks was digitized. Prior to performing functional movements, 

the finger and wrist were placed in a static neutral joint position as described in the ISB 

recommendations. This position ensured that the third metacarpal was aligned with the 

longitudinal axis of the forearm and served as a reference, t=0, position for the helical axis 

transformation calculations performed during active flexion-extension. The first functional 

movement that was performed was circumduction of the MCPJ. During this movement, 

the position of tracker S3 was recorded with respect to tracker S4 and the MCP was rotated 

at the base joint for 10s to find the joint center of rotation (𝑂𝑀𝐶𝑃𝐽) with respect to S4 

(Figure 6.3). Following MCP circumduction, flexion-extension of the finger was 

performed to find the flexion-extension axis (𝑍)⃗⃗⃗⃗  through the DIPJ and PIPJ using helical 

axis transformations.  

For each finger segment, the positions and rotation of the tracker within the segment 

was recorded with respect to the proximal segment tracker. For each timepoint during the 

motion, the helical axis transformations were calculated with respect to the reference 

position (t=0). The mean helical axis unit vector, (�̂�), was calculated at the DIPJ (�̂�𝑆1
𝑆2) and 

PIPJ (�̂�𝑆2
𝑆3) and were assigned as the Z-axis of the associated segments (𝑍𝑃𝐼𝑃𝐽

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   and 𝑍𝑀𝐶𝑃𝐽
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗, 

respectively).  Subsequently, the point along each of the HA that was closest to the origin 
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of the respective tracker was assigned as the joint origin (𝑂𝑗) of the CMCJ, PIPJ, and the 

DIPJ (Figure 6.3). In addition, a stylus was calibrated to compensate for the magnetic 

center offset and used to digitize the center of the distal phalanx tip, DIPTip. 

 

 

Figure 6.3: Functional Frame Definition 

The centers of the CMCJ, MCPJ, PIPJ, DIPJ, and the digitized DIPTip are illustrated 

using the red dots. Active flexion-extension finger motion was used to derive the HA 

direction vectors of the PIPJ (�̂�𝑆1
𝑆2) and MCPJ (�̂�𝑆2

𝑆3) (+ve is left for left hand and right for 

right hand). 
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6.2.5.1 CMC’s Coordinate system 

The Z-axis of the CMCJ, defined as 𝑍𝐶𝑀𝐶𝐽
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗, was computed by transforming the Z-axis of 

the MCPJ from S3 to S4 such that, 

𝑍𝐶𝑀𝐶𝐽
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗  = 𝑍𝑀𝐶𝑃𝐽

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗  ×  𝑅𝑆3
𝑆4  

A longitudinal line was then computed as the difference in length between the nearby joint 

centers (OCMCJ – OMCPJ) pointing proximally, relative to S4 (Figure 6.4); giving CMC.Line.  

To obtain the X-axis, 

𝑋𝐶𝑀𝐶𝐽
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗  = 𝐶𝑀𝐶. 𝐿𝑖𝑛𝑒 × 𝑍𝐶𝑀𝐶𝐽

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗  

(where +X is volar for a right hand and dorsal for a left hand) 

The Y-axis was computed as the line orthogonal to the ZX plane such that, 

𝑌𝐶𝑀𝐶𝐽
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   = 𝑍𝐶𝑀𝐶𝐽

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗  ×  𝑋𝐶𝑀𝐶𝐽
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗   (pointing proximally) 

Lastly, the axes system built for the CMCJ was then transformed into the global reference 

frame (G0) such that, 

𝐺𝐶𝑀𝐶𝐽 
𝑊𝑜𝑟𝑙𝑑 = 𝐺𝑆4 

𝑊𝑜𝑟𝑙𝑑 × 𝐺𝐶𝑀𝐶𝐽 
𝑆4  
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Figure 6.4: JCS Building of CMCJ 

This figure illustrated the direction of the derived x-, y-, and z- axes of the CMCJ about the 

joint’s center point, 𝑂𝐶𝑀𝐶𝐽. 

6.2.5.2 MCP’s Coordinate system  

MCP.Line was derived pointing proximally by subtracting  𝑂𝑃𝐼𝑃𝐽 , relative to S3, 

from 𝑂𝑀𝐶𝑃𝐽 , relative to S3 (only after first transforming 𝑂𝑀𝐶𝑃𝐽 from S4 to S3). In addition, 

Similar to the CMCJ, the X- and Y- axes were then computed (Figure 6.5) as follows: 

 𝑋𝑀𝐶𝑃𝐽
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝑀𝐶𝑃. 𝐿𝑖𝑛𝑒 ×  𝑍𝑀𝐶𝑃𝐽

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗    

 𝑌𝑀𝐶𝑃𝐽
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  =  𝑍𝑀𝐶𝑃𝐽

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ×   𝑋𝑀𝐶𝑃𝐽
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 

Lastly, the axes system built for the MCPJ was also transformed into the global reference 

frame (G0) such that, 
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𝐺𝑀𝐶𝑃𝐽 
𝑊𝑜𝑟𝑙𝑑 = 𝐺𝑆3 

𝑊𝑜𝑟𝑙𝑑 × 𝐺𝑀𝐶𝑃𝐽 
𝑆3  

6.2.5.3 PIP and DIP’s Coordinate system 

1. The Z-axis of the DIPJ, defined as 𝑍𝐷𝐼𝑃𝐽
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ , was computed by transforming the Z-axis 

of the PIPJ from S2 to S1 such that, 

𝑍𝐷𝐼𝑃𝐽
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = 𝑍𝑃𝐼𝑃𝐽

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   ×  𝑅𝑆2
𝑆1  

1. X-Axes of the two joints were computed as follows: 

 𝑋𝑃𝐼𝑃𝐽
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝑃𝐼𝑃. 𝐿𝑖𝑛𝑒 ×  𝑍𝑃𝐼𝑃𝐽

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗  (where PIP.Line = 𝑂𝐷𝐼𝑃𝐽 - 𝑂𝑃𝐼𝑃𝐽 , relative to S2) 

 𝑋𝐷𝐼𝑃𝐽
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝐷𝐼𝑃. 𝐿𝑖𝑛𝑒 ×  𝑍𝐷𝐼𝑃𝐽

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ (where DIP.Line = 𝑂𝐷𝐼𝑃𝑇𝑖𝑝 - 𝑂𝐷𝐼𝑃𝐽 , relative to S1) 

2. Y-Axes of the two joints were computed as follows: 

 𝑌𝑃𝐼𝑃𝐽
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  =  𝑍𝑃𝐼𝑃𝐽

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ ×   𝑋𝑃𝐼𝑃𝐽
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗  

 𝑌𝐷𝐼𝑃𝐽
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  =  𝑍𝐷𝐼𝑃𝐽

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ ×   𝑋𝐷𝐼𝑃𝐽
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗  

3. Lastly, the axes system built for the PIPJ and DIPJ were transformed into the 

global reference frame (G0) such that, 

𝐺𝑃𝐼𝑃𝐽 
𝑊𝑜𝑟𝑙𝑑 = 𝐺𝑆2 

𝑊𝑜𝑟𝑙𝑑 × 𝐺𝑃𝐼𝑃𝐽 
𝑆2  

𝐺𝐷𝐼𝑃𝐽 
𝑊𝑜𝑟𝑙𝑑 = 𝐺𝑆1 

𝑊𝑜𝑟𝑙𝑑 × 𝐺𝐷𝐼𝑃𝐽 
𝑆1  

The Cardan angle sequence adopted for joint decomposition was ZYXr (flexion – 

pronation – abduction) as proposed by ISB6 and further validated by Chao et al23. Ranges 

of motion and kinematic plots were obtained and proceeded through further analysis. A 

total of 33 joints were analyzed during 3 motions. Results obtained were stored within a 

database and used for further statistical analysis related to frame accuracy, motion 

repeatability, and reproducibility measures.  
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Figure 6.5: Motion-based and ISB Anatomical Coordinate System Frames 

 The lateral (left) and front (right) views denoting the position and orientation of the 

anatomical frames constructed for each bone segment using (A) the mean HA (illustrated 

in orange), and (B) ISB following ISB Recommendation (X-axis, Y-axis, and Z-axis are 

illustrated in blue, red, and yellow, respectively)  

6.3 Data Analysis 

6.3.1 Functional Frame Definition Validation 

The methodology presented in this study for MCS and ISB were compared with data 

collected using a goniometer, a standard and widely used clinical range of motion 

assessment tool23,24. Finger joint flexion/extension were measured and mean differences 

between methodologies were computed for one digit (θvar = θexp – θMCS/ISB), as well as the 

deviations measured for all digits. A paired t-test and a linear regression for correlation 

were also computed for a further validation of the local frame definition in the Z-axis (i.e. 

flexion/extension).  
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6.3.2 Deviations between Frame definitions 

The two local frame definitions described in this study, MCS and ISB, were compared by 

calculating the mean angle of each joint measured, along each respective axis, and 

measuring the deviations between the two frames. A Three-way Repeated Measures 

ANOVA (factors: Joint (MCP, PIP, DIP); Axes (X, Y, Z); Frame Definition (MCS, ISB)) 

was conducted to evaluate the differences in each cardan angle obtained during finger 

motion.  

6.3.3 Repeatability and Reproducibility 

Repeatability of the helical axes were measured as the deviation in joint angles from all 

five consecutive motion runs within the same finger. In addition, prior to data collection, 

an initial active motion test was conducted following the same tracker methodology and 

frame definitions as previously discussed. Motion data for all joint axes were measured 

and recorded during this trial. Once concluded, the trackers were removed and 

subsequently re-installed into the same finger segments. The coordinate frame building 

protocol was then repeated and the finger was actively flexed with tendon excursion kept 

consistent with the prior motion test. This protocol was conducted for the sole purpose of 

measuring the reproducibility of the helical frame axes where reproducibility was 

quantified as the deviations between all three joint axes between both kinematic motion 

trials. A paired t-test and a linear regression for correlation were also computed to further 

validate the reproducibility of the model.  
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6.4 Results 

6.4.1 Comparison of Rotation Angles 

The mean joint angle measured using both MCS and ISB local frame definitions for all 33 

digits about the X-axis (add-abd), Y-axis (pro-sup), and Z-axis (flex-ext) along one cycle 

of motion are represented in Figure 6.6 and Table 6.2. Using helical axes, MCP achieved 

mean flex-ext angles of 92.9±8.4°, a pro-sup angle of 15.9±20.5°, and an abd-add angle of 

11.1±17.5°. PIP achieved a flex-ext angle of 105.3±4.9°, a pro-sup angle of 22.5±16.4°, 

and an abd-add angle of 14.4±18.8°, and DIP achieved a flex-ext angle of 55.2±9.6°, a pro-

sup angle of 8.9±9.7°, and an abd-add angle of 10.9±16.5°. In contrast, following ISB 

frame definition resulted in a MCP flex-ext angle of 89.7±9.5°, pro-sup angle of 

16.9±11.9°, and an abd-add angle of 18.0±16.2°. PIP achieved a flex-ext angle of 

101.8±9.3°, a pro-sup angle of 20.7±14.8°, and an abd-add angle of 17.5±16.0°, and lastly, 

DIP achieved a flex-ext angle of 53.2±11.2°, a pro-sup angle of 10.9±13.1°, and an abd-

add angle of 10.1±13.5°. 

6.4.2 Functional Frame Definition Validation 

Tables 6.3 and 6.4 represents the maximum flexion/extension angle for each joint achieved 

using MCS and ISB in comparison to a goniometer, respectively. For MCS-Goniometer, 

no significant differences in the measurements were reported at 95% CI for the MCP 

(p=0.176), PIP (0.104), and DIP (p=0.854). In addition, significant linear correlations (R2) 

for the MCP, PIP, and DIP were measured as 0.655, 0.880, and 0.869, respectively. In 

terms of ISB-Goniometer, no significant differences were either reported at 95% CI for the 

MCP (p=0.859), PIP (0.486), and DIP (p=0.453) with significant linear correlation of 0.666 

for PIP and non-significant correlations of 0.597 and 0.6 for the MCP and DIP, 

respectively. 
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Figure 6.6: Joint Kinematics 

The mean angles measured by MCS and ISB local frames for each joint (DIP, PIP, MCP) along its respective X-, Y-, and Z-axes throughout one full active motion 

cycle are illustrated above. MCS are denoted by blue lines where ISB are denoted by orange lines.
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Table 6.2: Joint Angles for MCS and ISB  

Joint angles for each individual digit is summarized below. 

 Finger Joint 

MCP PIP DIP 

 MCS ISB MCS ISB MCS ISB 

Axes X Y Z X Y Z X Y Z X Y Z X Y Z X Y Z 

Finger 1 39 28 85 39 20 94 59 52 113 39 51 114 28 17 56 28 11 55 

Finger 2 31 38 94 37 36 98 15 25 113 44 29 119 5 9 64 11 29 79 

Finger 3 41 3 108 36 3 97 -0.3 0.5 108 -0.2 0.4 97 6 2 67 6 2 61 

Finger 4 -2 9 91 -2 7 75 14 18 104 11 15 85 51 34 63 42 28 52 

Finger 5 3 34 88 3 29 76 1 14 109 1 12 95 7 10 60 6 9 52 

Finger 6 5 17 94 7 20 78 10 38 102 15 30 106 18 8 63 10 3 57 

Finger 7 -5 -13 79 6 11 90 -3 43 100 4 15 95 -3 4 39 -4 -6 25 

Finger 8 2 54 101 34 33 94 5 26 105 23 33 106 -9 -3 39 7 0.2 40 

Finger 9 14 4 99 10 4 100 39 16 106 14 28 106 5 6 57 2 34 53 

Finger 10 -7 -4 85 4 6 85 17 12 101 37 13 98 9 8 53 2 7 51 

Finger 11 4 4 99 24 17 99 3 3 99 4 3 100 2 4 51 1 4 50 

Average 11 16 93 18 17 90 15 22 105 17 21 102 11 9 55 10 11 53 

SD 18 20 8 20 12 10 19 16 5 16 15 9 17 10 10 13 13 11 
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Table 6.3: MCS vs. Goniometer Joint Measurements  

The mean MCS rotations vs. Goniometer measurements along the flexion/extension axis 

 

 

 

 

 

 

 

 

 

 

 

 

*θvar =  Angle variation (difference) 

 Joint 

MCP PIP DIP 

Digit MCS Goniometer θvar MCS Goniometer θvar MCS Goniometer θvar 

1 85 90 4.92 113 115 2.29 56 60 4.26 

2 94 90 -4.38 113 116 2.98 64 61 -2.85 

3 108 100 -7.70 108 105 -2.86 67 70 2.58 

4 91 85 -6.40 104 100 -3.92 63 60 -3.13 

5 88 90 2.37 109 105 -4.29 60 70 10.42 

6 94 85 -9.01 102 105 2.67 63 60 -2.69 

7 79 85 6.01 100 100 0.44 39 45 6.38 

8 101 95 -5.85 105 105 0.06 39 40 0.95 

9 99 90 -8.91 106 100 -5.73 53 50 -3.40 

10 85 90 -5.46 100 92 -8.42 53 50 -3.39 

11 99 95 -2.54 99 95 -4.02 51 45 -5.96 

Average 92.9 90.1 2.8 105.3 103.4 1.9 55.3 55.6 -0.2 
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Table 6.4: ISB vs. Goniometer Joint Measurements 
The mean ISB rotations vs. Goniometer measurements along the flexion/extension axis 

 

 

 

 

 

 

 

 

 

 

 

 

*θvar =  Angle variation (difference) 

 Joint 

MCP PIP DIP 

Digit ISB Goniometer θvar ISB Goniometer θvar ISB Goniometer θvar 

1 94 90 4.92 114 115 2.29 55 60 4.26 

2 98 90 -4.38 119 116 2.98 79 61 -2.85 

3 97 100 -7.70 97 105 -2.86 61 70 2.58 

4 75 85 -6.40 85 100 -3.92 52 60 -3.13 

5 76 90 2.37 95 105 -4.29 52 70 10.42 

6 78 85 -9.01 106 105 2.67 57 60 -2.69 

7 90 85 6.01 95 100 0.44 25 45 6.38 

8 94 95 -5.85 106 105 0.06 40 40 0.95 

9 100 90 -8.91 106 100 -5.73 53 50 -3.40 

10 85 90 -5.46 98 92 -8.42 51 50 -3.39 

11 99 95 -2.54 100 95 -4.02 50 45 -5.96 

Average 89.7 90.1 -0.4 101.8 103.4 -1.5 53.3 55.6 -2.3 



149 

 

 

 

 

6.4.3 Deviations between Local Frame Definitions 

The deviations between the two local frames differently defined varied depending on the 

segment considered. The total deviation reported ranged from 0.8° to 6.9°. On average, the 

axis deviation in all axes was 2.7°. The largest deviations observed between fingers were 

between the PIP and DIP joints along the pro-sup and abd-add axes, with flexion-extension 

axes achieving the lowest deviations in all joints. In addition, A three-way ANOVA 

resulted in an insignificant mean difference of 0.151° between MCS and ISB (p=0.923) 

6.4.4 Repeatability and Reproducibility 

The repeatability of the MCS and ISB frame definitions following 5 full flexion-extension 

cycles were measured to be 0.64° and 0.86°, respectively along the flexion-extension axis. 

In addition, removing and re-installing the trackers while following the same digitization 

and frame definition methodologies resulted in angle variances ranging from 0.3 to 23.5° 

with insignificant mean differences of 2.5° (p=0.137), 2.8° (p=0.060), and 0.8° (p=0.640) 

in the DIP, PIP, and MCP joints respectively. Finally, linear correlations of 0.962, 0.990, 

and 0.978 were observed in the DIP, PIP, and MCP joints, respectively.  

6.5 Discussion 

Currently, the choice of constructing coordinate systems using functional frame for finger 

joint kinematics is limited by the lack of proper consensus on the validly of the proposed 

frame definitions. Therefore, the aim of this study was to analyze finger joint kinematics 

using helical axes in comparison to the frame defined by the International Society of 

Biomechanics (ISB).  

Joint angle measurements reported in this study were in agreement with current literature7,9. 

Each definition resulted in joint orientations with deviations of about 2.7° on average; up 

to 6.9° among all three different axes. Despite the deviations, both types of frame 

definitions revealed no statistical differences (p=0.923) in joint rotation angles computed 

by MCS and ISB. In addition, further validation of the MCS and ISB using a standard 
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goniometer resulted in insignificant differences of rotation along the flexion-extension 

axis, with significant linear correlations as high as 0.869 for MCS. However, unlike MCS, 

ISB did not achieve the same significant correlation between all of its joints and goniometer 

measurements.  

 The mean joint kinematic curves, presented in figure 6.6, revealed discrepancies in 

joint behavior, mainly along the X- and Y-axes with root mean square errors reaching a 

high of 7.6° and 9.9° in the X- and Y- axes, respectively. The flexion-extension axis (i.e. 

Z-axis) resulted in the smallest differences between the curves, as expected with the Z-axis 

being the primary axis of motion25. In addition, using MCS to orientate the Z-axis seemed 

to have an effect on the interpretation of the remaining two axes, as seen in figure 6.6 (i.e 

the cross-talk effect); especially for the MCP joint. Since the orientation of the X-axis was 

dependent on specific digitized landmarks and thus, different compared to the MCS, 

motion around the X and Y axes consequently do not exactly correspond to the classical 

definitions of the rotations and deviations in the finger5. Nonetheless, these findings 

support the hypothesis made in chapter 1 as discrepancies between both frame definitions 

were well within the 10° target goal. 

Kinematic data reported for the PIP and MCP in all three axes were in agreement 

with results obtained by Coupier et al.12 and Metcalf et al.26; two studies in which 

evaluation of finger joint kinematics were conducted using surface markers. In addition, 

the MCP joint achieved rotations of 11° and 16° within the X- and Y-axes, respectively 

that were comparable to those reported in the literature10. This is particularly important as 

the MCP has a higher degree of freedom due to the nature of the joint, unlike other 

interphalangeal hinge joints. Results reported for the DIP joint however were less 

conclusive. Our study revealed that the distal phalanx pronates until about 30 degrees of 

joint flexion, and then supinates until full flexion. This joint pattern is distinctly different 

from the same motion paths followed by the middle and proximal segment. Nonetheless, a 

limited number of studies using JCS constructed by CT images and surface markers on 

skin also reported finger pronation-supination patterns. These studied revealed similar 

patterns throughout DIP’s motion7,9 with discrepancies thought to result from the simulated 

repair condition conducted within our study.   
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  There were a few limitations to our study. Although the use of metal was 

significantly reduced within our setup, the increase in sensitivity to metals of the 

electromagnetic tracking system maybe have attributed to errors in sensor accuracy and 

noise throughout testing. Secondly, the creation of the ISB frames were entirely derived 

from bony landmark digitization and thus, were normally dependent on human errors.  

Despite limitations, a few important strengths should be considered within the 

study. Firstly, the use of an advanced, repeatable, and validated active motion simulator 

with position and load control of the tendons, in comparison to previously reported in-vitro 

finger motion simulators. Secondly, the repeatability trial measurement made from 5 finger 

motion cycles resulted in variations as low as 0.64°; validating the accuracy of the local 

frames defined, as well as further supporting the hypothesis made in chapter 1 . Thirdly, 

reproducibility measures were reported to have insignificant differences between tests; 

further validating the accuracy and validity of the results produced by the MCS across the 

different fingers tested. In addition, creation of MCS were less dependent on digitization 

errors; yielding higher reproducibility and repeatability outcomes.  

6.6 Conclusion 

The need for a standard and accurate definition of joint coordinate systems is necessary for 

the quantification of joint kinematics. Our findings support the use of the MCS 

methodology presented in this study in measuring accurate and reproducible finger joint 

kinematics, compared to ISB Recommendations. In addition, to our author’s knowledge, 

this is the first study that evaluates the accuracy of helical axes during active in-vitro finger 

motion without the use of virtually constructed motion pathways of bone segments in 

computed tomography (CT) scans.  

 

 

 

 



152 

 

 

 

 

6.7 References 

1.  Carpinella I, Mazzoleni P, Rabuffetti M, Thorsen R, Ferrarin M. Experimental 

protocol for the kinematic analysis of the hand: Definition and repeatability. 

doi:10.1016/j.gaitpost.2005.05.001 

2.  Ellis B, Bruton A. A study to compare the reliability of composite finger flexion 

with goniometry for measurement of range of motion in the hand: 

http://dx.doi.org/101191/0269215502cr513oa. 2016;16(5):562-570. 

doi:10.1191/0269215502CR513OA 

3.  Goislard de Monsabert B, Rossi J, Berton E, Vigouroux L. Quantification of Hand 

and Forearm Muscle Forces during a Maximal Power Grip Task. Med Sci Sport 

Exerc. 2012;44(10). https://journals.lww.com/acsm-

msse/Fulltext/2012/10000/Quantification_of_Hand_and_Forearm_Muscle_Forces.

11.aspx. 

4.  Sancho-Bru JL, ! E Erez-Gonz AP, Vergara-Monedero M, Giurintano D. A 3-D 

dynamic model of human finger for studying free movements. J Biomech. 

2001;34:1491-1500. 

5.  Brand PW. Clinical mechanisms of the hand. 1985:342-342. 

6.  Wu G, van der Helm FCT, Veeger HEJD, et al. ISB recommendation on 

definitions of joint coordinate systems of various joints for  the reporting of human 

joint motion--Part II: shoulder, elbow, wrist and hand. J Biomech. 2005;38(5):981-

992. doi:10.1016/j.jbiomech.2004.05.042 

7.  Coupier J, Moiseev F, Feipel V, Rooze M, Van Sint Jan S. Motion representation 

of the long fingers: a proposal for the definitions of new  anatomical frames. J 

Biomech. 2014;47(6):1299-1306. doi:10.1016/j.jbiomech.2014.02.017 

8.  Coupier J, Hamoudi S, Telese-Izzi S, Feipel V, Rooze M, Van Sint Jan S. A novel 

method for in-vivo evaluation of finger kinematics including definition of healthy 



153 

 

 

 

 

motion patterns. Clin Biomech. 2016;31:47-58. 

doi:10.1016/j.clinbiomech.2015.10.002 

9.  Ishii K, Oki S, Iwamoto T, et al. Quantitative analysis of metacarpophalangeal 

joints during active flexion using four-dimensional computed tomography. Clin 

Biomech. 2020;80. doi:10.1016/j.clinbiomech.2020.105188 

10.  Buczek FL, Sinsel EW, Gloekler DS, Wimer BM, Warren CM, Wu JZ. Kinematic 

performance of a six degree-of-freedom hand model (6DHand) for use in 

occupational biomechanics. J Biomech. 2011;44(9):1805-1809. 

doi:10.1016/J.JBIOMECH.2011.04.003 

11.  Goislard de Monsabert B, Visser JMA, Vigouroux L, Van der Helm FCT, Veeger 

HEJ. Comparison of three local frame definitions for the kinematic analysis of the 

fingers and the wrist. J Biomech. 2014;47(11):2590-2597. 

doi:10.1016/j.jbiomech.2014.05.025 

12.  Marin F, Mannel H, Claes L, D€ U Urselen L. Correction of axis misalignment in 

the analysis of knee rotations. Hum Mov Sci. 2003;22:285-296. 

doi:10.1016/S0167-9457(03)00036-8 

13.  Englander ZA, Cutcliffe HC, Utturkar GM, Garrett WE, Spritzer CE, DeFrate LE. 

A Comparison of Knee Abduction Angles Measured by a 3D Anatomic 

Coordinate System  Versus Videographic Analysis: Implications for Anterior 

Cruciate Ligament Injury. Orthop J Sport Med. 2019;7(1):2325967118819831. 

doi:10.1177/2325967118819831 

14.  Grood ES, Suntay WJ. A joint coordinate system for the clinical description of 

three-dimensional motions:  application to the knee. J Biomech Eng. 

1983;105(2):136-144. doi:10.1115/1.3138397 

15.  Scherer TP, Hoechel S, Müller-Gerbl M, Nowakowski AM. Comparison of knee 

joint orientation in clinically versus biomechanically aligned  computed 

tomography coordinate system. J Orthop Transl. 2019;16:78-84. 



154 

 

 

 

 

doi:10.1016/j.jot.2018.07.005 

16.  Besier TF, Sturnieks DL, Alderson JA, Lloyd DG. Repeatability of gait data using 

a functional hip joint centre and a mean helical knee axis. J Biomech. 

2003;36:1159-1168. doi:10.1016/S0021-9290(03)00087-3 

17.  Coupier J, Hamoudi S, Telese-Izzi S, Feipel V, Rooze M, Van Sint Jan S. A novel 

method for in-vivo evaluation of finger kinematics including definition of healthy 

motion patterns. Clin Biomech (Bristol, Avon). October 2015. 

doi:10.1016/j.clinbiomech.2015.10.002 

18.  Kontaxis A, Cutti AG, Johnson GR, Veeger HEJ. A framework for the definition 

of standardized protocols for measuring  upper-extremity kinematics. Clin 

Biomech (Bristol, Avon). 2009;24(3):246-253. 

doi:10.1016/j.clinbiomech.2008.12.009 

19.  Haddara MM, Kadar A, Ferreira LM, Suh N. Effect of a Flexor Digitorum 

Superficialis Hemitenodesis on Reducing Volar Plate  Strains for Swan Neck 

Deformities. Hand (N Y). August 2021:15589447211040876. 

doi:10.1177/15589447211040877 

20.  Haddara MM, Byers B, Chinchalkar S, Ferreira LM, Suh N. The Effect of Wrist 

Position on Finger Tendon Loads Following Pulley Sectioning and Operative 

Reconstruction. J Hand Surg Glob Online. 2019;1(3):154-160. 

doi:10.1016/j.jhsg.2019.04.002 

21.  Kadar A, Haddara MM, Fan S, Chinchalkar S, Ferreira LM, Suh N. Use of 

Thermoplastic Rings Following Venting of Flexor Tendon Pulleys: A  

Biomechanical Analysis. J Hand Surg Am. 2021;46(6):485-492. 

doi:10.1016/j.jhsa.2020.11.003 

22.  Haddara MM, Fan S, Matache BA, Chinchalkar SJ, Ferreira LM, Suh N. 

Development of an In-Vitro Swan Neck Deformity Biomechanical Model. Hand. 

2020. 



155 

 

 

 

 

23.  Chao EY. Justification of triaxial goniometer for the measurement of joint rotation. 

J Biomech. 1980;13(12):989-1006. doi:10.1016/0021-9290(80)90044-5 

24.  Gajdosik RL, Bohannon RW. Goniometry Emphasizing Reliability and Validity 

Clinical Measurement of Range of Motion: Review of Clinical Measurement of 

Range of Motion Review of Goniometry Emphasizing Reliability and Validity. 

PHYS THER. 1987;67:1867-1872. http://ptjournal.apta.org/content/67/12/1867. 

Accessed April 16, 2017. 

25.  Cappozzo A, Catani F, Croce U Della, Leardini A. Position and orientation in 

space of bones during movement: anatomical frame  definition and determination. 

Clin Biomech (Bristol, Avon). 1995;10(4):171-178. doi:10.1016/0268-

0033(95)91394-t 

26.  Metcalf CD, Notley S V., Chappell PH, Burridge JH, Yule VT. Validation and 

application of a computational model for wrist and hand movements using surface 

markers. IEEE Trans Biomed Eng. 2008;55(3):1199-1210. 

doi:10.1109/TBME.2007.908087 

 

 

 

 

 

 

 

 

 

 

 

 



156 

 

 

 

 

Chapter 7  

7 The Evaluation of a Novel FDP-to-Volar Plate Zone I 

Repair Versus Button Repair: An In-Vitro Biomechanics 

Study 

 

OVERVIEW: Zone I of the finger is the second leading area susceptible to injuries after 

zone II in the finger. A novel repair technique for zone I tendon avulsions was introduced 

in 2010, however, biomechanical investigation and evaluation of the effectiveness of the 

repair remains to be done. Hence, the basis of this chapter is to evaluate joint kinematics 

and tendon work of flexion (WOF) following flexor digitorum profundus to volar plate 

(FDP-VP) repair technique relative to the standard pullout.*  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* A version of this work has been submitted to the Journal of Hand Surgery and is currently under review 
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7.1 Introduction  

Zone I injuries account for 4% of all traumatic tendon injuries in the hand and wrist, and 

can range from a partial to a full rupture or laceration of the flexor profundus (FDP) 

tendon1. Surgical treatment of the deformity is crucial for preserving fine motor skills and 

restoring motion of the distal interphalangeal joint (DIPJ). Choice of repair however is 

highly dependent on the site of injury2. Surgeons are often faced with a challenge with 

injuries distal to the A5 pulley due to an insufficient distal tendon stump to allow for a 

minimum 7 mm of required tendon purchase3,4. The most common approach when faced 

with an insufficient length of the distal stump is to treat the injury as a tendon avulsion 

using the button technique5–7. However, the button repair can lead to patient concerns and 

dissatisfaction, and has been associated with complications such as contracture and loss of 

joint range of motion4,8,9. As a result, various techniques involving tendon reinsertion have 

been reported and later enhanced by other groups in efforts to reduce complications such 

as infection and nail deformity that were associated with the button repair10–12.  

A recent study proposed in 2010 by Al-Qattan et al. introduced a new repair 

technique using the volar plate (VP) of the DIPJ to augment flexor tendon repair in zone I 

injuries13. The repair was fashioned using three separate figure-of-eight sutures, connecting 

the VP to the proximal FDP with a 7 mm suture purchase in comparison to the traditional 

direct tendon-to-tendon repair. Biomechanically, the technique was evaluated in an in-vivo 

animal model load to failure study14, which reported that the including the VP in the distal 

tendon purchase significantly increased the tensile strength of the repair at time zero. 

Furthermore, the same group conducted an anatomical and a prospective clinical study 

involving 6 patients with clean-cut complete lacerations of the FDP tendon in the distal 

part of zone I15 to address complications of using the entire volar plate as a distally-based 

flap for tendon repair. Anatomical and clinical outcomes both supported the use of the 

entire VP-based flap as a technique for repairing distal FDP injuries, and ensuring that the 

repair does not result in joint instability or flexion contracture. 

 Despite the biomechanically and clinically promising outcomes reported in 

previous studies, assessment of joint kinematics following the raising of the VP flap are 
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lacking16. Therefore, the primary goal of this study was to evaluate and quantify the in-

vitro joint kinematics, flexor tendon loads, and work of flexion following treatment of zone 

I injuries using the proposed FDP-VP repair technique relative to the pullout button repair. 

The secondary objective was to measure finger-tip forces at full finger flexion. 

7.2 Materials and Methods 

Fourteen digits comprised of the index, long, and ring fingers, from five freshly frozen 

cadaveric specimens (age: 63.8±4.9 yrs.) were utilized in this study. Computed tomography 

(CT) scans of the specimens were evaluated by a surgeon prior to testing and specimens 

were excluded if any signs of osteoarthritis or other degenerative joint conditions were 

noted. All screened specimens were amputated 15 cm proximal to the wrist. 

7.2.1 Specimen Preparation 

Isolation of the FDP, flexor superficialis (FDS), and the extensor digitorum communis 

(EDC) was performed at the wrist level. Each individual tendon was sutured with a 

Krackow stitch using a 0-braided Vicryl suture (Ethicon, Somerville, NJ), which was 

connected to a linear servo-actuator. The second to fifth metacarpals were cross-pinned 

using two 1.5 mm K-wires, which were anchored to the simulator’s base to stabilize the 

wrist during simulated active finger motions. Finally, a fixed rigid foam block was used to 

support the dorsum of the hand and the metacarpophalangeal joint (MCPJ) in a neutral 

wrist position. 

7.2.2 In-Vitro Active Finger Motion Simulation 

Tendon-driven finger motion trials were conducted using a validated active finger motion 

simulator17. The end-shaft of each servo-actuator was augmented with a uni-axial load cell 

(Model 34; Honeywell, Charlotte, NC), which measured tendon tensile loads and provided 

feedback for closed-loop load control. Intact tendon excursions were determined by 

moving the flexors in position control against a constant 10 N antagonist load on the 

extensor tendon. Full flexion excursion was defined as the tendon travel required by the 

flexor tendons to achieve full ROM in all joints (MCPJ: 83±10°, PIPJ: 101±13°, DIPJ: 
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57±9°). This was repeated for finger extension, with the extensor tendon in position control 

against a constant 2 N load on each flexor tendon. The intact tendon excursions were 

subsequently used for testing surgical conditions.  

7.2.3 Conditions Tested 

Five finger conditions were tested: 1) intact; 2) FDP incised at its insertion; 3) pullout 

button repair; 4) FDP-VP repair; and 5) ‘no slack’ FDP-VP repair.  

7.2.4  FDP Injury Simulation (FDP Incised) 

A 3 cm longitudinal volar midline incision was made over the DIPJ, exposing the flexor 

tendon sheath to visualize the A5 pulley. The FDP tendon was then sharply incised with a 

scalpel transversely, detaching it from bone while ensuring that the surrounding collateral 

ligaments remained intact. Repairs were carried out in the same sequence using 3-0 

Polypropylene (Ethicon, Somerville, NJ). Skin was then re-approximated to maintain 

specimen hydration during motion trials. 

7.2.5 Button Repair 

For repair using the modified pullout button technique, a two-core modified Kessler suture 

pattern was performed through the distal edge of the proximal tendon. Two Keith needles 

were drilled through the middle of the distal phalanx, exiting through the nail plate. The 

suture ends were then passed through the Keith needle and brought through the distal 

phalanx dorsally (Figure 7.1). The tendon was then secured by tying the sutures over a 1.3 

cm button. The skin incisions were closed for tendon hydration. 
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Figure 7.1: Pull-out Button Technique 

The stages of a button repair technique. A Keith needle was used to drive the suture through bone 

and a knot was tied and fixed over the nail plate using a button as illustrated. 
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7.2.6 FDP-VP Repairs  

The flexor sheath was exposed once again, incising through the A5 pulley to visualize the 

DIPJ VP. The VP was raised as a distally based flap off the middle phalanx while 

preserving the collateral ligaments. Dimensions of the incised VP were measured using a 

digital caliper (L=5.9±0.6 mm; W=7.0±0.5 mm; T=1.9±0.2 mm). The proximal end of the 

VP was then attached to the FDP using two figure-of-eight 3-0 Polypropylene 

sutures15(Figure 7.2). With each coaptation, 3 mm of purchase of the VP and 7 mm of 

purchase in the tendon was obtained, as proposed by Al-Qattan et al.13. It is conceivable 

that addition of the VP may result in effectively lengthening the FDP. To account for this, 

the distance from the FDP insertion site to the proximal aspect of the volar plate was 

measured (FDP lengthening average: 7.6±0.5 mm). Subsequently, the FDP actuator’s 

starting position was then adjusted by that measured amount and referred to as the ‘no 

slack’ condition to correct for the amount the FDP that was effectively lengthened. 

7.2.7 Joint Angle Measurement 

Joint angles were measured using a trakSTAR® (NDI, Waterloo, ON, Canada) 

electromagnetic tracking system. Four 2 mm diameter trackers (M180, trakSTAR®, NDI) 

were installed through drill holes made laterally at the center of each phalanx (distal, 

middle, proximal, and metacarpal) as previously reported18,19. Joint ROMs were recorded 

using a validated helical axes joint coordinate system to measure rotations along three axes; 

flexion/extension, abduction/adduction, and internal/external rotation20,21. 

Flexion/extension is the angle generated about the axis going through the joint where 

abduction/adduction is the angle generated by the long axis in the flexion/extension plane 

(perpendicular to the joint) and lastly, internal/external are the rotations generated about 

the long axis. Total joint ROM was denoted as the collective angle achieved by the DIPJ, 

PIPJ, and MCPJ.  
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Figure 7.2: FDP-VP Technique 

A 3 mm purchase of the proximal end of the VP was attached to a 7 mm purchase of the distal end 

of lacerated tendon using two figure-of-eight 3-0 Polypropylene sutures in vitro (a) and as 

illustrated (b).  
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7.2.8 Tendon Load and Work of Flexion Measurement 

Flexor and extensor tendon load feedback was provided by the uni-axial load cells mounted 

to the end shaft of each linear servo actuator and closed-loop load control was achieved 

using custom code made in the LabVIEW programming environment (National 

Instruments, Austin, TX). The work of flexion (WOF) was calculated as the area under the 

tendon load versus tendon excursion curve22. 

7.2.9 Fingertip Strength 

Static fingertip force was measured at full finger flexion against a 6-axis load cell, with the 

net force magnitude calculated from the Euclidean force vector equation (Figure 7.3). This 

was achieved with flexor tendons moved to the same excursion point defined in the intact 

condition, and the load cell’s height (21.6 mm) provided interference for resisted flexion. 

These tests were repeated with each FDP condition.  

 

Figure 7.3: Fingertip Strength Measurement 

Resultant forces at the fingertip were measured with a 6-axis load cell. This was achieved with 

FDS and FDP flexor tendons moved to the same excursion point defined in the intact condition, 

while the load cell’s height (21.6 mm) provided interference for resisted flexion. These tests were 

repeated with each FDP condition. 
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7.2.10 PIPJ Volar Plate Strain Measurement 

Volar plate strain at the PIPJ was measured using a pre-wired minute strain gauge (Model 

#:KFH-3-350-C1-11L3M3R, Omega, Norwalk, CT) to investigate the effect of the 

imbalances in load on the strains induced by the PIPJ as a result of the different conditions 

tested. Before installing the gauge, modifications to the thickness of the substrate were 

made to amplify the measurements read by the gauge. A benchmark experiment where 

various thicknesses of the gauge were individually mounted onto a steel sheet and deflected 

by the same distance between gauge readings (Appendix B). Sample data was collected 

where the optimal thickness of the substrate was selected as the thickness that corresponded 

to the highest strain measurement, before buckling.  

Once the gauge was modified, a mid-line incision was made along the length of the volar 

surface of each digit.  Sacrificing of the A3 pulley was necessary for gaining clear access 

and locating the volar plate overlaying the PIPJ. The distal end of the volar plate was then 

slightly raised and the gauge was slid underneath the plate and secured using 4-0 Vicryl 

sutures in a figure of 8 configuration. A small transverse incision was made at the level of 

the radial skin flap overlying the middle phalanx, and the wire of the strain gauge was 

passed through this split and secured with 0-Vicryl sutures. The longitudinal skin incision 

was closed, and the strain gauge wires were further secured to the palm of the hand using 

Mastisol (Ferndale Laboratories, Inc., MI, United States). Strain measurements were 

collected with custom code made in the LabVIEW programming environment (National 

Instruments, Austin, TX, United States) and change in strain was measured using the intact 

condition as the baseline for all succeeding conditions. 

7.2.11 Motion Trial Protocols 

All active finger flexion motion trials were simulated with the excursion points and loads 

of flexors and extensors kept consistent between conditions. Saline solution was used 

throughout testing to maintain hydration and prevent desiccation. Each finger motion was 

repeated three times, with the first two trials performed to pre-condition and settle each 

repair, and with measurements from the third trial recorded for statistical analysis19. 
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7.2.12 Statistical Analysis 

Multiple One-way repeated-measures ANOVA models, with Bonferroni correction, were 

performed to analyze the effect of zone I injury and repair settings on tendon load, WOF, 

joint ROM, and finger-tip forces within all tested conditions. Within-subject effects and 

pairwise comparisons were also examined, with significance set at p<0.05.  

7.3 Results 

7.3.1 Flexor Tendon Loads and Work of Flexion 

Incising FDP significantly reduced FDP tendon loads at full flexion by 21% 

(4.3±3.7 N; p<0.05) (Figure 7.4). There was no significant change in FDS loads following 

incision. Both button and FDP-VP repairs restored FDP and FDS loads to the intact 

condition with no difference between the two techniques. Following FDP-VP repair, the 

‘no slack’ variation caused a measurable 12% (2.4±3.6 N; p=0.229) increase in FDP load, 

though not statistically significant. There was negligible change in FDS loads.  

The FDP incision significantly decreased FDP WOF by 146±120 N.mm (p<0.05) 

(Figure 7.5). The button and both FDP-VP repairs restored WOF to intact levels for FDP 

and FDS (p=1.000). The ‘no slack’ FDP-VP technique increased WOF compared to the 

simple FDP-VP repair for both FDP and FDS by 74.1±58.9 (p<0.05) and 64.2±52.8 

(p<0.05), respectively. None of the repairs were statistically different from the intact 

condition, and the button and simple FDP-VP repair was not statistically different from 

each other.  
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Figure 7.4: Tendon Load vs. Finger Flexion 

Flexor tendon loads experienced by a) FDP and b) FDS as a function of percent flexion range. 

Tendon loads increased with flexion angle for every condition (p<0.001).  
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Figure 7.5: Work of Flexion 

Work of flexion summed over the full range (WOF) as a function of repair type, where whiskers denote one standard deviation of 14 

digits (*p<0.05). All repairs restored lost WOF to the intact condition (p=1.000). Compensating for tendon shortening with the FDP-

VP (no slack) repair further increased WOF to the simple FDP-VP. Overall, tendon WOF was not significantly affected by any repair 

type.  
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7.3.2 Kinematics 

Finger ROM was not altered by the choice of repair. Incision of the FDP reduced DIPJ ROM 

along the flexion-extension axes by 61.7±11.4° (p<0.001) and reduced the overall finger ROM 

by 68.6±13.9° (p<0.001) (Figure 7.6). Subsequent correction of the deformity with the button 

and FDP-VP techniques restored lost total active ROM by 65.1±10.7° (p<0.001) and 62.3±14.4° 

(p<0.001), respectively. 

 

Figure 7.6: Total Active Range of Motion 

Total ROM was calculated as the sum of all finger joints DIPJ to MCPJ as a function of finger 

condition (***p<0.001), where whiskers denote one standard deviation of 14 digits. Following 

the injured condition, the button and FDP-VP techniques both restored lost ROM, and there 

was no statistically significant difference between repairs. 

 Flexion kinematics were consistent with the literature (Figure 7.7)21,23–25. Incision of FDP 

disabled DIPJ ROM as expected, significantly reducing the normal abduction-adduction 

pathway by 6.1±3.6° (p<0.05) compared to intact. In addition, the PIPJ’s normal abduction-

adduction pathway by up to 10°, compared to intact. The button and ‘no slack’ FDP-VP repairs 

restored kinematics along the abduction/adduction plane to the intact state with no significant 

difference. Moreover, the simple FDP-VP repair provided 4.8±3.8° of recovery of 
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abduction/adduction angle in the DIPJ and 4.98±3.5° of recovery in PIPJ.  Internal/external 

rotation kinematics were not affected by any condition.  

 

Figure 7.7: Finger Joint Kinematics 
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Figure 7.7: continued 
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Figure 7.7: continued 
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7.3.3 Fingertip Strength 

Finger condition had an overall significant effect on fingertip strength at full flexion 

(p<0.001) (Figure 7.8). Incision of the FDP tendon resulted in a 65% decrease of 6.4±2.3 N 

(p<0.001). The button repair restored fingertip force with no significant difference from the 

intact condition. The FDP-VP repair restored forces by 31%, but was still statistically different 

from intact (p<0.001). The ‘no slack’ adjustment further increased fingertip force by 0.9N, yet 

still statistically different from intact (p<0.05).  

 

Figure 7.8: Fingertip Strength 

Fingertip loads were measured at full tendon flexion excursion with a load cell interposed on 

the palm (Figure 7.3). Incision of the FDP tendon resulted in a significant decrease in fingertip 

load compared to the intact condition (p<0.001). Surgical correction of the tear using the button 

and FDP-VP techniques significantly restored loads compared to the FDP incised condition. 

Adjustment in tendon slack further increased fingertip loads compared to the FDP-VP condition 

(p<0.05), yet still statistically significant from the intact condition (p<0.05).  
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7.3.4 PIPJ Volar Plate Strain 

Volar plate strains at the PIPJ were measured at full finger extension where strains were 

measured with respect to the baseline intact condition across all finger conditions (Figure 7.9). 

Incision of the FDP resulted in significantly increased volar plate strains by 0.24 ± 0.2 milli-

strain (joint hyper-extension) compared to the intact condition (p=0.006). Surgical correction of 

the tendon through the button technique significantly reduced strains by 0.39 ± 0.3 milli-strain 

compared to the incised condition (p=0.003). This was a 271% reduction, which restored volar 

plate strain to within a statistically non-significant difference from the intact condition. 

Correction of the tendon through a FDP-VP technique also significantly reduced strains by 0.38 

± 0.3 milli-strain compared to the incised condition (p=0.003). Further correction of the tendon 

slack caused an additional reduction of 0.02 ± 0.05 milli-strain, which was also a statistically 

significant reduction from the incised condition (p=0.004), though not significantly different 

from the FDP-VP condition (p=1.000) 

 

Figure 7.9: PIPJ Volar Plate Strain 

At full finger extension, the volar plate strain at the PIPJ is plotted as a function of finger 

condition (*p<0.05), where whiskers denote standard deviation of 14 digits.  
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7.4 Discussion 

The aim of this study was to measure and evaluate the biomechanics and effectiveness 

of a novel FDP-VP technique compared to the commonly used button repair, following a zone I 

FDP tendon avulsion. We found that both the pullout button and FDP-VP techniques restored 

WOF and ROM to within intact levels, with no statistically significant difference. The only 

difference in performance was detected in fingertip peak strength, in which the button nearly 

restored intact levels whereas the FDP-VP repairs produced less peak strength at full flexion. It 

is notable that while the loss was statistically significant, it amounted to only 1-2 N below the 

button, which is likely not a clinically relevant difference. 

Neither repair altered the WOF from the intact condition, and there was no difference 

between repair both repair types. The ‘no slack’ variation, of increasing tension over the simple 

FDP-VP repair, increased WOF by 12% and 10% for FDP and FDS, respectively, but still not 

significantly higher than the intact or button conditions. Nonetheless, this may indicate that 

attempting to compensate for the effective tendon lengthening in this manner can increase tendon 

load, and should be done carefully so as not to increase the chance of post-operative rupture. 

Further investigation would be needed to determine the balance between effectiveness versus 

risk (if any) of the ‘no slack’ variation to the FDP-VP repair. 

The kinematic analysis revealed that the DIPJ was significantly altered following FDP 

avulsion resulting in a minor deviation of up to 4° along the abduction/adduction plane (Figure 

7.6). All repairs restored the intact kinematic pattern. Most notable differences between the 

repairs occurred within the first half of flexion, where higher tension repairs (button and ‘no 

slack’ FDP-VP) over-corrected the kinematics while the lower-tension FDP-VP provided less 

restoring moment to DIPJ. This suggests that, regardless of the technique used, the FDP repair 

tension can have a significant impact on the overall pathway of the DIPJ. It is unclear how this 

effect might change with time and healing. Nonetheless, both the button and ‘no slack’ FDP-VP 

repairs effectively restored time-zero kinematics without significant deviations from intact.  

The reduced fingertip strength of the FDP-VP repairs is explained by the compliance of 

the volar plate compared to the more rigid anchoring of the button. The tendon excursions were 

controlled to the same full flexion amounts as in the intact condition; thus, the compliance of the 
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volar plate would have produced less resistance to flexion and resulted in a lower peak contact 

force at the fingertip. Even the increased FDP tension of the ‘no slack’ variation, which was 

evidence by significantly increased WOF compared to the simple FDP-VP, was not sufficient to 

reach the fingertip force of the intact condition, although this was a mean loss of only 2 N. The 

peak fingertip strength was an aggressive test - equivalent to holding 1 kg at the distal phalanx 

– and it was intended to challenge the repairs. So it is notable that the FDP-VP repairs survived 

84 strength trials (2 FDP-VP repairs × 14 fingers × 3 repeated trials) and no rupture or tear was 

observed, which supports the time-zero robustness of this repair.  

Limitations should be considered when interpreting the results: (1) the cadaveric 

specimens used were previously frozen and of advanced age; (2) amputation of the arm proximal 

to the wrist was necessary to accommodate the simulator; (3) sacrificing of the tendon sheath 

and A5 pulley to gain access to the volar plate was unavoidable and may have altered the 

biomechanics of the finger. However, sacrificing A5 is necessary to perform any repair, and the 

collateral ligaments were confirmed to be intact; thus, this limitation was still clinically relevant.  

Despite its limitations, this study has important strengths. The use of a validated active 

motion simulator allowed precise measurements in isolated conditions. To the author’s 

knowledge, this is the first biomechanics study to evaluate the proposed FDP-VP repair. 

Moreover, a repeated-measures experimental design was employed, and thus any changes in the 

biomechanics due to the amputation, or other limitations, were applied equally to all tested 

conditions.  

7.5 Conclusion 

The FDP-VP technique may be an effective alternative to a pullout button repair. Based 

on its initial strength and its equal biomechanical performance compared to the button repair, the 

FDP-VP technique is a viable option for treating FDP avulsions. This study provides 

biomechanical support to the clinical trials that have previously been conducted.  
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Chapter 8  

8 Conclusions and Future Work 

 

OVERVIEW: This chapter revisits the main objectives of the thesis and re-iterates the studies 

conducted in the context of literature. Important and clinically relevant results and discussions 

are discussed. Strengths and limitations and future directions of the research are outlined. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



180 

 

 

 

 

8.1 Summary and Conclusions 

Assessment of finger kinematics for biomechanical modelling is valuable for providing the 

upmost quality of care to a patient suffering from trauma. However, in order to fully understand 

the biomechanics of the finger, a comprehensive investigation into the influence of different 

conditions on joint kinematics and load transfers in the finger is essential. The present work 

discusses the steps taken to develop motion-based coordinate systems for the quantification of 

joint kinematics, and the advancement and refinement of a previously designed active finger 

motion simulator for in-vitro finger cadaveric studies.  

The main objectives first outlined for this work were:   

1. Evaluating the rotational and translational accuracy and reliability of using 

electromagnetic tracking for joint motion tracking and kinematics.   

2. Establishing distinct tendon-to-load, work of flexion relationships, and biomechanically 

driven models in-vitro to study the impact of injury on finger biomechanics. 

3. Proposal of novel motion derived based frames for finger joint kinematic analysis. 

4. Application of the biomechanical innovation developed in this thesis within in-vitro 

cadaveric tests. 

 

Chapter 2: Evaluation and assessment of the translational and rotational accuracy 

of electromagnetic tracking compared to optical tracking 

The first main objective of this thesis was to quantify and directly compare the technical 

accuracies of the two most widely used tracking modalities using the same accuracy assessment 

tools and methods within the same setting.  This was achieved through a series of tests where 

the rotational and translational accuracy of the systems were evaluated using two separate motion 

systems: a coordinate measuring machine and a rotary computer numerical control machine. By 

driving the trackers to discrete points within the acceptable field of vision of the tested system, 

the accuracy and repeatability of the trackers were evaluated and quantified using a standard 
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testing method (ASTM) as a guideline. Moreover, the influence of varying depth levels from the 

transmitter on the discrepancies in results were evaluated.  

Results from this study revealed maximum differences of 0.8 mm and 0.3° in the translational 

and rotational accuracies of electromagnetic tracking, compared to optical tracking. The 

translational accuracy of both systems were comparable to the information provided by the 

manufacturer. Furthermore, unlike optical tracking, different depth levels did not have any 

significant effect on the accuracy of the system. Therefore, this study concluded that 

electromagnetic tracking is in fact a reliable and effective tool for the quantification of finger 

joint kinematics; fulfilling the objective and supporting the hypothesis made in Chapter 1.  

Chapter 3: Effect of Flexor Digitorum Profundus Repair Position Relative to 

Camper's Chiasm on Tendon Biomechanics 

The main objective of this cadaveric study was to further enhance the use of the active finger 

motion simulator for biomechanical modelling through mean of establishing tendon-to-load 

relationships and work of flexion measures following zone II finger injury (Objective 2). Results 

obtained in this study revealed a non-linear relationship between tendon load and excursion, 

refuting the initial hypothesis made. Moreover, repeatability of the simulator and metrics were 

well within the hypothesized 5% target. Therefore, the goal of this in-vitro study was 

accomplished using the finger motion simulator to measure metrics such as tendon excursion, 

tendon load, and joint ranges of motion.  

Chapters 4 & 5: Development of Swan Neck Model; Effect of FDS 

Hemitenodesis Repair 

Similar to chapter 3, chapters 4 and 5’s goal was to further enhance the use of the finger motion 

simulator by developing a swan neck deformity biomechanical model in chapter 4 followed by 

chapter 5; a study where the influence of a commonly used repair technique to treat swan neck 

is evaluated. The biomechanical model was established through the use of minute strain gauges 

to measure strains induced by the volar plate with the simulation of a mallet finger and swan 

neck models.  
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The study in chapter 4 demonstrated results that exhibited an increase in strains at the volar plate 

with the simulation of the mallet finger and swan neck deformities, respectively. Repair of the 

deformity in chapter 5 however, restored strains to the native healthy conditions. However, 

unlike the SND condition, mallet finger condition did not exhibit significant strain changes 

compared to the native intact condition. Such findings refutes the hypothesis initially made in 

chapter 1. Nonetheless, the use of a sensitive strain gauges in this study to measure deformation 

at the volar plate is a novel and effective concept which allowed for the detection of heightened 

tissue strains, an effect otherwise too small to be measured using kinematic measurement devices 

at the PIPJ. Furthermore, a strong relationship between volar plate strain and PIPJ 

hyperextension was observed and established, and the metrics measured were well within the 

5% repeatability goal; supporting the use of strain as a surrogate measurement for swan neck.  

The application of the finger motion simulator in this study, along with the individual metrics 

measurement, fulfilled the second objective listed and provided valuable data that was used to 

develop a model that can be used in future studies to evaluate the influence of different surgical 

interventions on the strain at the volar plate within a defective digit. 

Chapters 6: Evaluation and Comparison of In-vitro Joint Kinematics using 

Motion-Based Coordinate System vs. Anatomical Landmarks 

The third objective of this dissertation was to develop reproducible and repeatable finger motion 

derived coordinate frames (MCS) for joint kinematic quantification. This proposed system was 

then evaluated and compared to the commonly used coordinate system by means of anatomic 

landmark definition, as per ISB’s recommendations. This objective was accomplished using the 

electromagnetic tracking and the finger simulator where planar finger flexion-extension was 

actively simulated to define the primary axes of rotation for the joints.   

Results produced from this study supports the hypothesis made in chapter 1 which stated that the 

MCS and anatomical landmark definitions would result in discrepancies within 10° between 

subjects. Moreover, the repeatability trial measurement from 5 motion cycles results in variations 

as low as 0.64°; further validating the accuracy of the local frames defined and the hypothesis 

made in chapter 1. Thirdly, reliability and reproducibility measures reported insignificant 
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differences between goniometer measurements and thus, further supporting the validity of the 

results produced by the MCS.  

 

Chapter 7: The Evaluation of a Novel FDP-to-Volar Plate Zone I Repair Versus 

Button Repair: An In-Vitro Biomechanics Study 

The fourth and final objective of this thesis was to adopt all enhanced and refined methodologies 

developed through previous chapters and apply them collectively in a clinically relevant in-vitro 

injury model setting. Similar to other cadaveric tests conducted, this study focused on the 

evaluation of a novel FDP-VP repair technique in the occurrence of a zone I tendon avulsion 

injury. The use of the motion simulator in quantifying and reporting tendon-load relationships, 

joint kinematics results, and physiological deformities in the finger, post gauge modifications, 

are valuable tools for assessing proper finger biomechanics. Such access to advanced tools will 

aid clinicals and rehabilitation specialists in developing proper patient-specific protocols to 

enhance future quality of life.  

8.2 Strengths and Limitations 

The strengths of this body of work is that the active finger motion simulator used is one of the 

more advanced and refined systems used today for in-vitro testing. Its peak performance in terms 

of its reliability, reproducibility, and overall accuracy increases its credibility as an emerging 

tools for clinical and biomechanical research purposes. Secondly, the use of a highly sensitive 

and refined strain gauge is a novel concept that can detect changes in the biomechanics of the 

finger that other assessment tools lack in reporting. Thirdly, the integration and development of 

motion based coordinate frames captured real time joint kinematic measurements throughout the 

entire tested range of motion. Furthermore, the employment of motion based frames allow avoids 

the need for denuding specimens to locate and digitize unique features on bones, which is a large 

source of error introducing both intra- and inter-user variabilities that hamper reproducibility 

across research groups.  

Despite the strengths, this work also has limitations that should be considered. Firstly, the in-

vitro tests conducted use cadaveric specimens that were previously frozen and of advanced age. 
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This limitation however was mitigated by having an orthopedic fellow pre-screen specimen CT 

scans for pathology, prior to testing. Secondly, inability to assess the influence of post-surgical 

swelling that is expected to occur at time zero in-vivo could have affected the work of flexion of 

tendons and gliding resistance to the surrounding structures; a case that is limited by using 

cadaveric tissue. Thirdly, amputation of the arm proximal to the wrist is necessary to 

accommodate the simulator. This loss of tissue and muscles within the forearm is sought to may 

have minor effects on the trajectory of the fingers during specific motions. Lastly, the need to 

sacrifice tissues such as tendon sheaths and A3 and A5 pulleys to gain access to volar plate was 

unavoidable and may have altered the overall biomechanics of the finger. However, sacrificing 

of the A3 and A5 pulleys are usually necessary to perform any repair and thus, this limitation 

was still clinically relevant.  

A noteworthy strength observed during the in-vitro cadaveric tests is the amount of time taken 

for full completion of the testing protocol. In light of findings made by Huang et al., Jung et al. 

and Moon et al., chances of significant degradation of peak loads in tendons and the joints within 

the first 5 freeze-thaw cycles are lowered immensely during such short testing periods; 

increasing the integrity of the study1,2,3. 

8.3 Future Work 

The work included in this thesis has provided considerable improvement in the approach towards 

kinematic analysis and joint biomechanics in the finger. However, the goals achieved within this 

thesis have paved more paths that are worth exploring in the future.  

Firstly, the simulator is fully CT compatible and therefore, precise 3D joint segmentation and 

measurements can be analyzed and further used to validate the accuracy of the derived motion 

based coordinate frames.  

Secondly, the incorporation of more muscles and ligaments, such as lumbrical muscles, through 

loading will allow for a clearer, more refined, pathway of finger motion; mimicking true in-vivo 

scenarios. This integration would be of clinical significance when carrying out future cadaveric 

studies. 
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Implant development for joint arthroplasty is currently in its infancy, but is also a very interesting 

and draws many exciting clinical questions. Therefore, a possible application of the finger 

simulator is in invasive finger joint implant studies. The studies would quantify and evaluate the 

impact of different joint implants on the overall integrity of the finger, both biomechanically and 

physiologically. Such studies would produces clinically relevant outcomes that can, in the future, 

result in patient specific finger wearable designs.  

Finally, other proposed studies would involve incorporating wrist motion, along with finger 

motion to examine the effects of a pre-and post-injury and repair condition to understand the 

influence of trauma on the integrity of the hand. 
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Appendix A: Glossary 
 

ANOVA 
Analysis of Variance, a statistical method for 

simultaneous comparisons among means 

Axial 

Plane situated in the central part of the body, 

separating the head and trunk from the limbs. 

Also known as the transverse plane 

Cadaver 
Dead body preserved especially for scientific 

study or medical use 

Computed Tomography (CT) 

Medical imaging method used to generate a 

three-dimensional image of the inside of an 

object using a series of two-dimensional 

images 

 

Denude 
Stripping soft tissue off bones 

 

Distal 

Situated away from the center of the body; 

opposite to proximal 

 

Extension 

Straightening part of a body from a bent to 

straight position so that the angle of the 

articulating bones attached to the joint 

increases; opposite to flexion 

 

Extensor 
Muscle responsible for the straightening of 

the limb 

Epiphysis 
Expanded end of the long bones which 

ossifies separately from the bone shaft 
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Flexion 

Movement of body part from a straight to a 

bent position so that the angle of the 

articulating bones attached to the joint 

decrease; opposite to extension 

Flexor 
Muscle responsible for the bending of the 

limb 

Helical Axes (HA) 

Motion of a rigid body broken down into a 

rotation about, and a translation along, a 

single axis varying from one moment to the 

next; also referred to as screw axis 

Incise To cut 

In-vitro Performed outside of a living body 

In-vivo Performed within a living body 

Joint Point where bones make contact 

Kinematics 

Study of motion without consideration of the 

forces that caused the motion. 

Measure of the angles formed in the joints 

along all planes. 

Ligament Tissue connecting bone to bone 

Load cell 
Transducer that converts force into a 

measurable electrical output 

Proximal 
Situated nearest to the point of reference; 

opposite to distal 
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Range of Motion (ROM) Amount of motion attained during an activity 

Radius 
Outer bone situated in forearm; viewed with 

palm in standard anatomical position 

RMSE Root mean square error 

Suture To attach structures to one another 

Strain 
A measure of deformation, calculated as the 

change in length over the original length 

Tendon Fibrous tissues that connect muscle to bone 

Ulna 
Inner bone situated in forearm; viewed with 

palm in standard anatomical position 

Volar 
Pertaining to the front or palm; opposite to 

dorsal 

Volar Plate (VP) 

Thick tissue that connects bone to bone, 

overlaying the proximal and distal 

interphalangeal joints in the finger 

Work of Flexion (WOF) Measure of load required to move the finger 
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                 Appendix B: Strain Gauge Modifications 

 

Overview 

Volar plate strain was measured using a small pre-wired strain gauge (Model #:KFH-3-350-C1-

11L3M3R, Omega, Norwalk, CT) that was inserted under the volar plate, and then sutured down 

into the plate and further reinforced with surgical tape and Mastisol liquid adhesive.  

Rationale 

Pilot strain data collected from chapter 4 was found to be inconsistent between trials. More 

specifically, some strain data trends did not exhibit the same magnitude of increase compared to 

other data measured under the same conditions for different specimens. In addition, further 

analysis of the pilot data revealed discrepancies in strain polarity measurements. Cause of data 

incongruities is hypothesized to be a factor of the gauge’s sensitivity to detect changes between 

injury conditions. Moreover, the slender thickness of the gauge’s structure is also hypothesized 

to be the cause of divergence in strain trends due to inconsistent bending directions of the gauge 

under the plate during finger motion. Consequently, in contrast to the swan neck condition, the 

sensitivity of the existing model was not ample enough to detect minor strain changes when a 

mallet finger was first induced. This drawback in the gauge was a limitation that required 

addressing and thus, the purpose of this experiment was to enhance the sensitivity of the gauge 

to allow for better consistency in strain readings between subjects in future tests.  

Impact of Substrate on Strain Readings 

To further refine the data collected using the strain gauge, the overall thickness of the gauge was 

altered by adhering a substrate of different material composition than that of the strain gauge. 

Varying the thickness of the gauge will in return result in an increase in ratio of tensile 

reinforcement of the gauge’s cross-section. Furthermore, this increase in ratio will result in a 

shift of the location of the neutral axis in the direction of the tension area. Based on the strain-

curvature relationship below, 
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                                             𝜀𝑥 = −𝜅𝑦 ,    where curvature 𝜅 =  
1

𝜌
                 (1) 

Strain, 𝜀 , is proportional to curvature and varies linearly with distance ‘y’ from the neutral axis. 

Although ductility of the cross section is impacted, this refinement in the physical model is 

advantageous as an increase in reinforcement ratio will result in the amplification of strain values 

recorded under the volar plate. 

Experimental Setup 

Five 10 mm x 6 mm pieces of electrical tape were constructed; ranging from 0.1 to 0.5 mm in 

thickness. One pre-wired strain gauge was placed on each piece of electrical tape and adhered 

using a Mastisol, a non-water soluble liquid adhesive; ensuring that the electrical wire leads are 

facing away from the adhered surface of the gauge (Figure B.1). Once bonded, the gauge was 

then mounted onto a 0.8 mm thick steel beam using clear tape. Caution was taken to ensure that 

the tape doesn’t not adhere the gauge to the beam by using a small sheet of paper as a barrier 

between the gauge and the tape (Figure B.2). Two steel clamps were distanced 14.5 cm apart 

and then fastened down to hold the steel beam in place. Lastly, a cylindrical tube (Ø 0.7 mm) 

was used to deflect the beam to allow for strain reading and evaluation (Figure B.3). Such use 

of a cylindrical tube resulted in same beam deflections between trials and thus, allowed for a 

more repeatable and reliable evaluation of strain measurement between different gauges tested 

 

Figure B.1: Strain gauge with the attached 0.1 mm substrate model 
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Figure B.2: Fixation of the stain gauge onto beam using surgical tape. Strain-Tape 

Experimental Setup on Beam 

 

Figure B.3: Beam deflection using a 0.7 mm diameter rod for strain measurement 

 

All strain gauges were properly calibrated and biased prior to testing. Strain readings were 

measured and recorded using a data acquisition board (DAQx, National Instruments, Waterloo, 

Canada) where output values were plotted and compared.  
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To ensure that the degree of sensitivity from the enhanced model is sufficient, the same set of 

strain data collected in chapter 4 was magnified by the degree of strain amplification achieved 

with the new model and then statistically re-analyzed to determine if the statistics between 

conditions was positively influence by the re-modeling of the gauge. Originally, the data 

collected in chapter 4 reported strain increases of 0.3 and 0.6 milli strain with the simulation of 

the mallet finger and swan neck conditions, respectively, compared to the intact condition. 

However, in contrast to the swan neck condition, the repeated-measured ANOVA statistics 

model did not detect significant change between the mallet and intact conditions.   

Results  

1. Strain Sensitivity as a Function of Substrate Thickness 

Strain increased linearly with thickness, reaching a peak reading at 0.2 mm before declining 

(Figure B.4). Causes of decline is hypothesized to be due to the bulkiness of the gauge as stiffness 

is increased to a degree where the gauge is no longer following the curvature of the ruler. This 

is also hypothesized to be the same case with the volar plate as the plate itself is soft so a thicker 

substrate would result in resistance in bending.  

 

Figure B.4: Influence of increasing substrate thickness on strain readings  
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2. Swan Neck Model Re-analysis 

By applying the factor of amplification detected with the re-designed model and manually 

correcting the set of results from chapter 4, strain changes between conditions was significantly 

enhanced by approximately 0.6 and 0.9 milli strain for the mallet finger and swan neck 

conditions, respectively, compared to the intact condition. Moreover, new pairwise significance 

in the data were found between the intact and mallet finger conditions (p<0.05).  

Discussion 

Modifications to the thickness of the substrate were made to refine and increase the reliability of 

strain measurements read by the gauge under the volar plate. Increasing the substrate thickness 

to 0.2 mm resulted in a 164% (factor of 1.64) amplification of strain, compared to the unaltered 

gauge.  

To ensure that the degree of amplification is ample enough for future studies, supplementary 

evidence using previously analyzed data from the swan neck deformity model chapter (chapter 

4) was conducted. Findings from the re-analyzed data revealed new significances between 

condition that the unaltered gauge failed to initially detect and thus, further validating the 

influence of increasing thickness on the overall sensitivity of the gauge.   

As a result, the modified strain gauges within the finger now allow for more sensitive and reliable 

detection of changes and load imbalances as a result of different injury conditions. This 

ultimately enhances the development and quantification of joints and biomechanical modelling.  
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