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Abstract: The aim of this study was to develop a finite element model to investigate the forces on
tendons which ensue due to trigger finger. The model was used to simulate both flexor and extensor
tendons within the index finger; two test cases were defined, simulating a “mildly” and “severely”
affected tendon by applying constraints. The finger was simulated in three different directions:
extension, abduction and hyper-extension. There was increased tension during hyper-extension,
with tension in the mildly affected tendon increasing from 1.54 to 2.67 N. Furthermore, there was a
consistent relationship between force and displacement, with a substantial change in the gradient
of the force when the constraints of the condition were applied for all movements. The intention
of this study is that the simulation framework is used to enable the in silico development of novel
prosthetic devices to aid with treatment of trigger finger, given that, currently, the non-surgical first
line of treatment is a splint.

Keywords: biomechanics; finite element; hyper-extension; trigger finger; stenosing tenosynovitis;
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1. Introduction

The hand is considered the most dexterous and well-coordinated part of the body, having great
complexity and utility [1,2]. Its mobility is vital for any individual’s independence during daily
activities. Stenosing tenosynovitis, more commonly known as trigger finger, is one of the most common
pathologies seen in hand surgery [3–5]. In a healthy hand, the flexor tendon should be able to move
freely inside the tendon sheath. However, in this condition, the tendon and/or sheath become inflamed
or irritated, forming scar tissue due to fibrocartilagenous metaplasia of the tendon, which restricts
tendon movement through the sheath [6,7].

This restriction from trigger finger can result in painful locking and clicking of the finger [3,5,8–10].
“Triggering” refers to the sudden release of the tendon after catching during finger extension. Trigger
finger is more commonly found in healthy middle-aged women [4,8,10,11] but is also associated with
conditions such as diabetes, arthritis [10–13] and carpal tunnel syndrome [5,13]. The exact cause of the
condition is unclear and can vary between cases, but the tendon can be further aggravated by hand
use at work or during sport [12]. Symptoms include tenderness in the affected area, movement pain
and locking or clicking; if attended to promptly, pain and swelling can be reduced easily. Surgery is
only considered if other treatment options fail or the condition goes untreated for an extended period
of time [8]. Non-surgical treatments include splinting, physiotherapy, nonsteroidal anti-inflammatory
drugs and corticosteroid injections [3,8,10,12]. Surgery is performed under local anaesthetic, with an
incision created in the roof of the tendon sheath in order to widen the tunnel so that the tendon can
move freely [14].

The hand is comprised of twenty-seven different bones consisting of phalanges, metacarpals
and carpals (Figure 1). Effective function is coordinated by a linkage system of tendons, ligaments
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and muscles. Tendons transmit loads from the bones to the intrinsic muscles and are interconnected
by aponeuroses; this is commonly referred to as the extensor mechanism [15,16]. All fingers have
an extensor tendon, located on the posterior surface of the hand, and two flexor tendons, located
on the palmar side; furthermore, the second and fifth fingers have an additional extensor tendon.
The extensor digitorum communis (EDC) straightens the finger [17] from both the proximal and
distal interphalangeal joints. Flexing (bending) of the finger is achieved through the flexor digitorum
profundus (FDP) and the flexor digitorum superficialis (FDS) tendons that connect to the distal and
middle phalanx, respectively. Flexor tendons are channelled through and constricted by the tendon
sheath [18], with some lubrication provided by synovial fluid.
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Figure 1. Schematic diagram of the hand. (a) Arrangement of the bones in the hand. (b) Simplified 
diagram of the attachment point of tendons in a finger. 

Figure 1. Schematic diagram of the hand. (a) Arrangement of the bones in the hand. (b) Simplified
diagram of the attachment point of tendons in a finger.

There is limited research on the biomechanical impact of trigger finger and how it immobilises
and generates stress within the hand. Most existing studies have been based on physical examinations
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of patients with the condition, using methods such as motion analysis and electromagnetic tracking
systems. The higher the grade, the lower the range of movement for each joint in the finger,
and restricted tendon mobility can measurably change comparative exerted force between the thumb
and fingers [19,20]. Long-term, however, even after treatment, some disability may persist [21]. While a
few biomechanical models are available for determining forces in tendons of the hand, limitations
persist for their extrapolation to an understanding of the mechanics of trigger finger. For example, some
models are specific to climbing techniques [22]. Others explore the finger extensor tendon network but
do not model trigger finger [2]. Arguably, the most comprehensive model is provided by Lu et al. [23]
to evaluate the forces within different tendons, predicting higher tension in the FDP tendon than in
the FDS tendon when both tendons were triggering. There is scope, though, to evaluate the effect of
trigger finger on the tension in the tendons of the hand during a range of movements. Such a model
would enable a simulation framework to be available to test future prosthetic devices intended to aid
in trigger finger “treatment”, as an objective technique for early stage development.

The aim of this study is to develop a model, using finite element analysis (FEA), which can
predict the forces within tendons in the hand during trigger finger. The focus is on the right hand’s
index finger as this is where trigger finger is most likely to occur [14]. Models developed include a
healthy case along with both a mild and a severe model for trigger finger to enable direct comparison.
The contribution made by this study is, therefore, in developing an FEA model for mild and severe
levels of stenosing tenosynovitis (i.e., trigger finger).

2. Results

2.1. Outline of Results

Figures 2–8 present the results for the forces acting on the tendons and their displacement.
Stress–strain curves have also been plotted to analyse the data. Forces on the tendons followed a
nonlinear relationship, with clear differences between healthy tendons and those with the constraints
of mild and severe trigger finger. The effects of extension, abduction and hyper-extension are outlined
in Sections 2.2–2.4, with Section 2.5 outlining the variation of tension and cross-sectional area within
a tendon.Prosthesis 2020, 1, FOR PEER REVIEW 4 

 

 

Figure 2. Tendon displacement for position A for healthy, mildly and severely affected tendons. 

 
(a) (b) 

Figure 3. Force predicted for flexor digitorum profundus (FDP) and flexor digitorum superficialis 
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For the EDC tendon (Figure 4), the increase in force in the mildly affected tendon is less as 
compared to the equivalent condition for the FDS tendon (Figure 5). For example, a large increase in 
the measured force in the mildly affected tendon only noticeably increases at 0.38 mm for the EDC 
tendon, whereas, for the FDS tendon, the increase is immediate. 
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Figure 4. Force predicted for the extensor digitorum communis (EDC) tendon (position A). (a) Force 
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Figure 5. Time-dependent displacement of the FDS tendon (position A; note: TF: trigger finger). 

2.3. Position B—Abduction 

Displacement of the tendons themselves was negligible during abduction for position B. For this 
motion, measuring the displacement of each node from its initial position provided much clearer 
results. Comparing the force–displacement graph for position B (Figure 6) to that of the extended 
finger in position A (Figure 3), the finger is able to undergo a larger displacement before an increase 
in force is observed. For the severe case of trigger finger in position B, force starts to increase rapidly 
at a displacement of 6.98 mm and at 7.53 mm for the mild trigger finger. Additionally, the rate of 
increase in force for severe trigger finger does not differ from that of the healthy tendon until 0.625 s, 
whereas the equivalent point was observed at 0.3125 s in position A. 

Figure 4. Force predicted for the extensor digitorum communis (EDC) tendon (position A). (a) Force
against time, (b) force against displacement.
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Figure 7. Force predicted for the FDP and FDS tendons (position C). (a) Force against time, (b) force 
against displacement. 

A “toe” region is observed in the stress–strain curves (Figure 8) of the hyper-extension 
movement of the finger before the relationship becomes linear. The mildly affected tendon can 
withstand a greater amount of strain over a longer period before triggering occurs. The mildly 
affected tendon reached a strain of 0.26% at the maximum stress of 0.78 MPa, whereas the severely 
affected tendon only reaches a strain of 0.059%. 

Figure 6. Force predicted for the FDP and FDS tendons (position B). (a) Force against time, (b) force
against displacement.

Prosthesis 2020, 1, FOR PEER REVIEW 6 

 

 
(a) (b) 

Figure 6. Force predicted for the FDP and FDS tendons (position B). (a) Force against time, (b) force 
against displacement. 

2.4. Position C—Hyper-Extension 

For position C, up to the point at which locking occurs in the severely affected tendon at 0.08 
mm (Figure 7), measured force increases rapidly, similar to the force increase in position A (Figure 
3). The change in force gradient was noticeably lower for the mildly affected tendon when 
approaching the 5 N limit, with an initial rise at 0.18 mm. 

 
(a) (b) 

Figure 7. Force predicted for the FDP and FDS tendons (position C). (a) Force against time, (b) force 
against displacement. 

A “toe” region is observed in the stress–strain curves (Figure 8) of the hyper-extension 
movement of the finger before the relationship becomes linear. The mildly affected tendon can 
withstand a greater amount of strain over a longer period before triggering occurs. The mildly 
affected tendon reached a strain of 0.26% at the maximum stress of 0.78 MPa, whereas the severely 
affected tendon only reaches a strain of 0.059%. 

Figure 7. Force predicted for the FDP and FDS tendons (position C). (a) Force against time, (b) force
against displacement.Prosthesis 2020, 1, FOR PEER REVIEW 7 

 

 

Figure 8. Stress–strain predicted for the FDP and FDS tendons (position C). 

2.5. Cross-Sectional Area and Tension 

The cross-sectional area (CSA) of the tendons decreased when loads were applied (Table 1). As 
a result of the severely affected tendon’s force increasing more rapidly before movement is restricted, 
the CSA is much greater than that of the mildly affected tendon, which has a much greater capacity 
to extend before finger movement is restrained. This is also the case for the tension in the tendons 
presented in Table 2. Tension in the mildly affected tendon in both positions was more than double 
that in the severely affected tendons, due to their greater capacity to extend. 

Table 1. The calculated values for cross-sectional area, comparing positions A and C. Using Equations 
(1)–(7). 

Tendon Initial 
Position A—Extension (mm2) Position C—Hyper-Extension (mm2) 

Healthy Mild Severe Healthy Mild Severe 
FDP 6.76 6.74 - - 6.72 - - 
FDS 6.39 - 6.37 6.38 - 6.36 6.38 
EDC 2.58 - 2.57 2.57 - - - 

Table 2. The calculated values for tension, comparing positions A and C. Using Equations (1)–(7). 

Tendon 
Position A—Extension (N) Position C—Hyper-Extension (N) 
Healthy Mild Severe Healthy Mild  Severe 

 FDP 2.00 - - 4.70 - - 
FDS - 1.54 0.50 - 2.67 0.78 
EDC - 2.64 0.56 - - - 

3. Discussion 

This study has highlighted a clear increase in exerted force on tendons restricted by trigger finger 
when compared to healthy tendons under the same range of motion. The force analysis further 
indicates that the more severe the condition, the greater the stress induced in the tendon. 

As expected, tension was higher when the tendons were under hyper-extension as compared to 
extension (position C vs. position A). Even for the healthy tendon, tension for position C (4.70 N) 
was measured to be more than double that at position A (2.00 N). This is in alignment with evidence 
found in the literature that demonstrates that hyper-extension injuries can occur when tendons or 

Figure 8. Stress–strain predicted for the FDP and FDS tendons (position C).



Prosthesis 2020, 2 173

2.2. Position A—Extension

The locking of the tendon, caused by trigger finger, had a notable effect on the forces exerted
in the tendons. In the case of severe trigger finger, a sharp increase in exerted force is observed at
the point at which the tendon is restricted, in contrast to the healthy tendon where force increases
gradually over time (Figures 2 and 3). There are much greater forces on the severely affected tendons
as compared to those of the mildly affected tendon and the healthy tendon at the same displacement.
For example, at 0.1 mm, forces are ≥5 N for the case of severe trigger finger, whereas, for the mildly
affected and healthy tendon, the forces are 3.6 and 1.83 N, respectively. Healthy and affected tendons
followed a linear stress–strain relationship until triggering, with a Young’s modulus of approximately
1.5 MPa [24].

For the EDC tendon (Figure 4), the increase in force in the mildly affected tendon is less as
compared to the equivalent condition for the FDS tendon (Figure 5). For example, a large increase in
the measured force in the mildly affected tendon only noticeably increases at 0.38 mm for the EDC
tendon, whereas, for the FDS tendon, the increase is immediate.

2.3. Position B—Abduction

Displacement of the tendons themselves was negligible during abduction for position B. For this
motion, measuring the displacement of each node from its initial position provided much clearer
results. Comparing the force–displacement graph for position B (Figure 6) to that of the extended
finger in position A (Figure 3), the finger is able to undergo a larger displacement before an increase in
force is observed. For the severe case of trigger finger in position B, force starts to increase rapidly at a
displacement of 6.98 mm and at 7.53 mm for the mild trigger finger. Additionally, the rate of increase in
force for severe trigger finger does not differ from that of the healthy tendon until 0.625 s, whereas the
equivalent point was observed at 0.3125 s in position A.

2.4. Position C—Hyper-Extension

For position C, up to the point at which locking occurs in the severely affected tendon at 0.08
mm (Figure 7), measured force increases rapidly, similar to the force increase in position A (Figure 3).
The change in force gradient was noticeably lower for the mildly affected tendon when approaching
the 5 N limit, with an initial rise at 0.18 mm.

A “toe” region is observed in the stress–strain curves (Figure 8) of the hyper-extension movement
of the finger before the relationship becomes linear. The mildly affected tendon can withstand a greater
amount of strain over a longer period before triggering occurs. The mildly affected tendon reached a
strain of 0.26% at the maximum stress of 0.78 MPa, whereas the severely affected tendon only reaches a
strain of 0.059%.

2.5. Cross-Sectional Area and Tension

The cross-sectional area (CSA) of the tendons decreased when loads were applied (Table 1). As a
result of the severely affected tendon’s force increasing more rapidly before movement is restricted,
the CSA is much greater than that of the mildly affected tendon, which has a much greater capacity
to extend before finger movement is restrained. This is also the case for the tension in the tendons
presented in Table 2. Tension in the mildly affected tendon in both positions was more than double
that in the severely affected tendons, due to their greater capacity to extend.
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Table 1. The calculated values for cross-sectional area, comparing positions A and C. Using
Equations (1)–(7).

Tendon Initial
Position A—Extension (mm2) Position C—Hyper-Extension (mm2)

Healthy Mild Severe Healthy Mild Severe

FDP 6.76 6.74 - - 6.72 - -
FDS 6.39 - 6.37 6.38 - 6.36 6.38
EDC 2.58 - 2.57 2.57 - - -

Table 2. The calculated values for tension, comparing positions A and C. Using Equations (1)–(7).

Tendon
Position A—Extension (N) Position C—Hyper-Extension (N)

Healthy Mild Severe Healthy Mild Severe

FDP 2.00 - - 4.70 - -
FDS - 1.54 0.50 - 2.67 0.78
EDC - 2.64 0.56 - - -

3. Discussion

This study has highlighted a clear increase in exerted force on tendons restricted by trigger
finger when compared to healthy tendons under the same range of motion. The force analysis further
indicates that the more severe the condition, the greater the stress induced in the tendon.

As expected, tension was higher when the tendons were under hyper-extension as compared to
extension (position C vs. position A). Even for the healthy tendon, tension for position C (4.70 N) was
measured to be more than double that at position A (2.00 N). This is in alignment with evidence found
in the literature that demonstrates that hyper-extension injuries can occur when tendons or ligaments
become overstretched [11]. In the case of trigger finger, greater tension was observed in the FDS tendon
for position C as compared to position A (1.13 N greater under mild trigger finger). Further tendon
injury could occur during hyper-extension as a result of trigger finger; tendons could become ruptured
or separated from the bone, resulting in disrupted muscle function and joint instability.

For validation of the healthy tendon, several studies have been reviewed. Yang et al. [25] and
Tanaka et al. [26] both tested this using tendons taken from fresh cadavers, whereas Kursa et al. [27]
and Edsfeldt et al. [28] carried out testing during open carpal tunnel surgery. These studies all reported
on loading forces during flexion. Loading forces on each joint in full flexion in the study by Yang et al.
ranged from 1.69 to 7.93 N [25]. The forces in the study by Kursa et al. [27] ranged from 1.3 to 4 N
in FDP tendons and 1.3–8.5 N in FDS tendons, and Edsfeldt et al. [28] reported forces of up to 13 N.
Although the lock constraints may have meant that the model in our study has under-predicted the
highest values for force, the results for the healthy FDP observed a trend which appears consistent
with the maximum force values reported in the literature.

There are limitations to using cadaver models; for instance, specimens might be embalmed or
treated with chemicals to prevent degradation, embalming may increase stiffness of the tissue [29,30],
and treatments such as dehydration [31] and cross-linking (e.g., using glutaraldehyde) alter the physical
and mechanical properties of tissues. If samples undergo freeze-thaw cycles, this too may alter their
mechanical properties [32,33]. In the case of cross-linking, chemicals such as glutaraldehyde reduce
degradation through the process of cross-linking of collagen, with a side-effect of increased stiffness,
though this may depend on the state of crimp of the collagen which has undergone cross-linking [34].

When considering the forces acting on the FDS tendon during trigger finger, the results in this
study were compared with Lu et al. [23]. The results from this study are particularly meaningful as
it is the only study detailing the direct correlation between trigger finger and its effect on the forces
acting on the tendon. External force increased gradually as extension angle increased; as triggering
occurred, there was an abrupt increase in force, with the maximum force reaching 5.4 N. This coincides
with results from this study, with peak values of around 5 N, which implies that any limitations in
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using connector elements may account for less than 10% of peak predictions. Therefore, this model is
in agreement with the results found in the literature for extension.

One of the most common treatments for trigger finger is splinting; the affected finger is tied to
a splint to restrict movement in flexion and extension while not restricting movement in abduction
and adduction. For both the mildly and severely affected tendons, a displacement of 6.9 mm was
reached before a sudden increase in observed force. These findings imply that there may be value in
early treatment and the necessity of healthy tendons, providing further understanding of the impact of
trigger finger to avoid the need for surgery. It is noteworthy that the current conservative treatment is
splinting and physiotherapy; therefore, there is clear scope for innovation in this field. Active devices
could be developed which enable the appropriate loading of tendons within the hand, potentially with
a limit on loading/extension as necessary, e.g., to prevent hyper-extension, etc. One option for an active,
external prosthetic device could be the use of electroactive polymers. There is also the possibility to
combine this technology with micro-electro-mechanical systems to sense loading. Such a device could
potentially be used at home, with data recorded and logged so that, during visits to the clinic, data
could be evaluated—for instance, using a radio frequency identification (RFID) tag.

There is agreement in the literature that tension in the FDP tendon is greater than that in the FDS
tendon for healthy fingers [25,27]. More specifically, in a study by Lu et al., tension generated during
passive extension modelling was estimated in the FDP tendon as 1.41 to 22.93 N compared to 0.78
to 11.97 N in the FDS tendon [23]. If the FDS tendon is inflamed, as experimented with in this study,
the overall strain on the FDP tendon would be greater, leading to significant long-term damage. Larger
moments are necessary about the joints with trigger finger, so if there is an increase in repetitive high
tendon loads, further deformation may occur. Tendons may also suffer elongation with sustained
loads. There is less strain on both flexor tendons with mild trigger finger.

Ultimately, the intention of this paper is partly to encourage innovation for prosthetic devices to
treat trigger finger, by providing a framework for initial stage development in silico. Patient specific
models [35] can be useful to tailor any technologies to individuals. Alternatively, there is scope to
scale the model used in this study to more quickly enable the clinical assessment of tension for a given
individual; such scalable models have been of value in other areas of orthopaedics [36]. Setting up
these types of models is feasible by producing scripts which generate input files directly and request
input data such as boundary conditions in a specific format (e.g., .dat files) to then enable the FEA
software to perform the numerical solution. Boundary conditions for models can also use boundary
conditions specific to an individual [37]. One advantage of the generation of any computer-aided
design model is that it can be 3D printed [38], which can also be useful for evaluation or interaction
with patients when explaining the condition.

4. Materials and Methods

4.1. Geometry

A geometric model of a human skeleton was sourced [39] (Figure 9) and imported into
computer-aided design software (SolidWorks, Dassault Systémes, Vélizy-Villacoublay, France), from
which the hand bone structure was extracted. The bones were scaled using Solidworks; scaling was
implemented so as to match the dimensions of an adult female available from the literature [40]
(Table 3). The distal, middle and proximal phalanges and the metacarpal bone of the index finger were
saved as separated parts before being imported into ABAQUS (Dassault Systems, Providence, RI, USA)
as three-dimensional (3D) deformable components. The tendons and ligaments were then modelled
using connector elements and constraints.
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Table 3. The phalangeal and metacarpal lengths used in the CAD model.

Length (mm)

Distal Middle Proximal Metacarpal

24.1 34.5 56.1 104.7

4.2. Material Properties

The material properties for cortical bone [41] were assigned to each component, as detailed in
Table 4. Ligaments and tendons are comprised of bundles of closely packed collagen fibrils [42–45],
organised in parallel to resist strong tensile loads. Therefore, tendons, for instance, display hyperelastic
properties, and as the finger is straightened in response to an applied load, the tendons start to deform
in a linear fashion and become aligned [45].

Table 4. The properties of cortical bone implemented into the ABAQUS model; from the literature [41].

Property Value

Young’s Modulus 17 GPa
Poisson’s Ratio 0.3

Density 1900 kg/m3

Tendons were assumed to be incompressible, with no change in volume. Additionally, tendons
were modelled as undergoing frictionless motion through the tendon sheath. However, where
trigger finger was included in a simulation, the motion was restricted, as explained in Section 4.3.2.
The path of the tendon was assumed to follow a straight line along the surface of the bone between
two points in the tendon network. The loads experienced by a tendon were assumed to be distributed
uniformly throughout the tendon network. Tendons were modelled using material properties from the
literature [46]; this data was inputted directly into the ABAQUS, such as the data shown in Figure 10.

4.3. Model Set-Up

4.3.1. Joint Orientation

A kinematic model of the hand can be mathematically approximated as a number of revolute
joints that are linked together. The index finger model is based on methods commonly used
in the literature [1,47,48]. The distal (DIP) and proximal interphalangeal (PIP) joints have one
degree-of-freedom (DOF) and are modelled as frictionless hinge joints capable of flexion-extension
motion. The metacarpophalangeal (MCP) joint represents two DOF and is modelled as a frictionless
saddle joint capable of flexion-extension and adduction-abduction. Coordinate systems were defined
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for each bone in the index finger with respect to a common inertial frame of reference to provide
orientation of the joints and tendon configuration. A coordinate system for the distal, middle and
proximal phalanx was used [49]. Each system is located in the centre of rotation in the convex articular
surfaces of the phalangeal and metacarpal heads. The x-axis is projected along the shaft of the bones,
with the y-axis projected dorsally and the z-axis projected radially for the right hand (note: these
frames of reference are local to each individual bone).
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Initially, the phalanges were arranged in a flexed position [48] to resemble how the finger may be
immobilised in the “trigger” position (Figure 11). Constraints were applied to ensure that each bone
moved in the appropriate DOF and rotated accordingly within each coordinate system. A reference
point was assigned at the centre of each convex surface of the bones. A coupling constraint was used
which provides a coupling between a reference point and a group of nodes, with the necessary DOF
applied between the articular surfaces. This ensures that the distal bone to the convex surface would
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only rotate about this surface. A general multi-point constraint (MPC) was used between each bone to
ensure movement between bones was coordinated. The MPC was applied between the reference point
and articular surface of each of the bones. This meant that only two displacement/rotation boundary
conditions were necessary for the whole model, one to extend the finger and another to simultaneously
straighten the distal phalanx.
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Figure 11. The initial flexed position of the index finger with the locations of multi-point constraints
(MPCs) labelled.

4.3.2. Tendon and Ligament Modelling

Tendons and ligaments were simulated within the model as connector elements and constraints.
Following the meshing of the bone structures, nodes were placed on the mesh at points of attachment
in the tendons. To replicate the tendons being constricted by ligaments along the bone, connector
elements were joined between the nodes on the bone. Nodes were spread evenly along the palmar and
posterior aspects of the finger (Figure 12a).

Table 5. A table presenting the different movement-types investigated.

Position Diagram Description

Initial

Radial view
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Figure 12. Connector elements used. (a) The positioning of the nodes and connector elements
on the bones (the right image shows the nodes for the FDS tendon). (b) The locations of the lock
constraints on the connector elements on the FDS and EDC tendons. Please refer to Table 5 for the
movements mimicked.

Connector elements were placed so as to mimic the FDP tendon extending from the distal phalanx
to the proximal end of the metacarpal, with the FDS tendon attaching to the middle phalanx in a forked
arrangement. The FDS tendon is also constrained by the same set of nodes as the FDP tendon to the
proximal metacarpal, both on the palm side. The FDP, FDS and EDC tendons were all modelled in the
simulation, with the EDC tendon extending along the full length of the back of the finger, similarly
held in place by nodes. A lock constraint as part of the connector element was applied on the FDS and
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EDC tendons between the two nodes on either side of the MCP joint (Figure 12b). This is a common
area in which tendons can experience irritation and consequently inflammation and restriction [50].

Lock constraints restrict movement after a set displacement; the displacement is the change in
distance from one node to another. In this study, an estimate was made for the displacement of the lock
based on the length of a flexor tendon in an index finger of an adult female. Displacement was set at
0.1 mm for severe trigger finger for relatively no movement and 0.5 mm for mild trigger finger to allow
for some movement; 0.1 mm was used to avoid modelling artefacts which became evident when 0 mm
was used in preliminary models, and 0.5 mm was used to determine how greater movement would
alter tension and the timing of tension which would develop in tendons. To model a lock constraint in
ABAQUS, two parameters are needed: firstly, a parameter being constrained (in this case, displacement
at 0.1 or 0.5 mm) and a parameter which enforces this constraint (e.g., force). Preliminary models
found that a 5 N load suitably enforced the lock constraint on displacement (of both 0.1 and 0.5 mm).

The movements evaluated are outlined in Table 5. For each movement type, results were taken
for both severe and mild cases of trigger finger. Initially, the FDP and EDC tendons were modelled
without any of the restrictions of trigger finger, whereas the FDS tendon became locked after the
specified displacement. Starting from the initial flexed position, the finger was extended for position
A, abducted for position B and hyperextended for position C.

4.3.3. Boundary Conditions

The movements outlined in Section 4.3.2 were feasible through the use of the boundary conditions
outlined in Table 6. The metacarpal bone is stationary throughout the running of the simulation;
therefore, an initial boundary condition of encastre was applied. In all positions, the finger started in
the initial flexed position. For position A, the middle phalanx was rotated 96◦ about the z-axis until the
finger was aligned to a straight orientation. The distal phalanx followed this direction of motion due
to the MPC constraints and was simultaneously rotated 61◦ about the z-axis. The proximal phalanx
was rotated 40◦ about the y-axis, simulating abduction for position B. After returning to the initial
position, the finger was hyper-extended, rotating the proximal phalanx 45◦ about the z-axis.

Table 6. A list of the boundary conditions used in ABAQUS. U1, U2 and U3 specify movements along
Table 1. UR2 and UR3 specify rotation about the x, y and z axes, respectively.

Boundary
Condition Step Type Bone(s) Value (Rotation in

Radians)

Position A

Initial Initial Encastre Metacarpal
Proximal phalanx

U1, U2, U3 = 0
UR1, UR2, UR3 = 0

1 1 Displacement/rotation Middle phalanx UR3 = 1.68
2 1 Displacement/rotation Distal phalanx UR3 = 1.06

Position B

Initial Initial Encastre Metacarpal U1, U2, U3 = 0
UR1, UR2, UR3 = 0

1 1 Displacement/rotation Middle phalanx UR3 = 1.68
2 1 Displacement/rotation Distal phalanx UR3 = 1.06
3 2 Displacement/rotation Proximal phalanx UR2 = 0.7

Position C

Initial Initial Encastre Metacarpal U1, U2, U3 = 0UR1,
UR2, UR3 = 0

1 1 Displacement/rotation Proximal phalanx UR3 = 2.47
2 1 Displacement/rotation Distal phalanx UR3 = 1.06
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4.4. Analysis

The cross-sectional area of a flexor tendon mid-section can range from 8.36 to 14.44 mm2 [51,52]
for an index finger. For this simplified model, the assumption made was that the FDP, FDS and EDC
all have an initial average circular cross-sectional area, A, taken from the literature [53] (Table 7).

Table 7. The initial values used for initial cross-sectional area, initial length and Young’s modulus used
in Equations (1)–(7).

A (mm2) L0 (mm) E (MPa)

FDP 6.76 185 1.5
FDS 6.38 149 1.5
EDC 2.58 180 1.5

Assuming homogenous material properties, uniform stiffness k for collagen can also be adopted
along the tendon length [53]. For convenience, the mean slack length of the tendon will equal the mean
initial tendon length L0. Equations (1)–(3) have been adapted from Freij et al. [54], Equation (4) from
Vigouroux et al. [22] and Equations (5)–(7) from Young et al. [53] to calculate the actual cross-sectional
area a, true stress σ and stiffness after each position. Where λ is the stretch ratio, L is the actual length
and F is force given in ABAQUS.

λ =
L
L0

, (1)

a =
A
λ

, (2)

σ =
F
a

, (3)

The tension, T, in the tendons can be estimated by relating force on the tendon to its elongation.
The tension, T, in the tendons can be estimated by relating force on the tendon to its elongation

through displacement using a quadratic function (Equation (4)).

T = k(L− L0)
2, (4)

Stiffness k is estimated using Equation (5), where E is the Young’s modulus of the tendon, which
has previously been reported as being approximately 1.5 MPa [24], where ε is strain and ∆L is extension.

k =
AE
L0

, (5)

ε =
∆L
L0

, (6)

E =
σ
ε

, (7)

Equations (1)–(7) were used to calculate tension in the tendon, stress and strain. The displacement
and force of the connector element in the model, between the two nodes either side of the MCP joint,
have been used when evaluating the equations during movements A, B and C (Table 6) for the healthy
FDP tendon and the mildly and severely affected FDS tendon. Additionally, for movement A, analysis
included the EDC healthy, mildly and severely affected tendons. Table 7 contains the initial values
used for Equations (1)–(7).

4.5. Mesh and Solution

The analysis was performed using ABAQUS. A dynamic, explicit solution type was used with
one to two steps. A time period of one second was applied for each step with boundary conditions
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using a tabular amplitude. The geometric complexity of the bones favoured the use of an automatic
tetrahedral mesh, deemed acceptable as the bones were not expected to undergo large deformation.
Mesh convergence consisted of increasing the node seed size in equal steps and identifying the size at
which it did not alter predictions of tension in tendons. Mesh convergence occurred at a seed-size
of 4.5, which resulted in a mesh with 5123 elements (solution time: ~14.2 min). It should be noted
that only the bone structures are actually meshed and, given the loading involved, these undergo
deformation which is negligible (in essence, acting as rigid bodies); this is why mesh convergence has
occurred using a low number of elements.

5. Conclusions

This study demonstrates the effects that trigger finger has on the extensor mechanism, and it
predicts tendon loads as caused by trigger finger as compared to a “healthy” control case. There
appears to be a substantial increase in tension during hyper-extension during trigger finger. It is hoped
that the model presented could be used as a framework to enable more advanced treatment methods
to be developed than currently available (e.g., prosthetic devices for rehabilitation).
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