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Abstract 

Background/Objectives: The equine proximal interphalangeal joint (PIPJ), while often considered a 

low-motion joint, contributes to flexion/extension of the digit and accommodates multi-planar 

movements: the adduction/abduction and the internal/external rotation of the middle phalanx in 

comparison to the proximal phalanx. Its collateral ligaments are primary stabilizers, restricting 

movements of the equine digit outside the sagittal plane, and their injury often leads to joint 

instability and degenerative joint disease. End-stage degenerative joint disease in the PIPJ could be 

managed with surgical arthrodesis of the joint. After surgical arthrodesis of the PIPJ, joint fusion 

cause loss of PIPJ extension in late stance of the stride during locomotion, which is accommodated 

by increased extension of the distal interphalangeal joint (DIPJ). To validate joint-preserving repair 

techniques after a collateral ligament injury in replacement of arthrodesis, a reliable method for 

assessing PIPJ extrasagittal biomechanics is required. The objective of this study was to develop and 

validate a three-point bending test setup to quantitatively characterize the mechanical behaviour of 

the equine PIPJ during abduction/adduction, simulating loading conditions that challenge the 

collateral ligaments of the joint. Methods: Seven equine PIPJ specimens (five forelimb and two 

hindlimb) were tested. A customised 3D-printed system was used to stabilise the joints in an MTS 

testing system. A three-point bending test was performed to evaluate the joint's mechanical response 

to the mediolateral plane bending. A marker-based video analysis system with a custom MATLAB 

script was used to calculate the joint abduction/adduction bending angle. Results: The setup 

provided reproducible load-displacement and time-angle data. The use of a fixed loading rod and 

custom 3D-printed system minimized slippage and rotation. The forelimb PIPJs exhibited 

significantly greater maximum medio-lateral bending angles compared to hindlimb joints. No 

significant differences were observed between fresh and frozen-thawed specimens. Conclusions: The 

developed three-point bending test setup provides a reliable and reproducible method for the in vitro 

evaluation of the biomechanical of the equine PIPJ. This study establishes a baseline for healthy joints 

and is suitable for the future comparative assessment of novel surgical techniques for collateral 

ligament repair. 
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1. Introduction 

The equine proximal interphalangeal joint (PIPJ) has traditionally been considered a low-motion 

joint and is often modelled as a rigid link between the high-motion metacarpophalangeal and distal 

interphalangeal joints in biomechanical models of the digit [1-3]. However, in vivo studies have 

reported substantial ranges of motion during locomotion, suggesting a greater functional role than 

previously recognized [4, 5]. 

The PIPJ primarily permits flexion and extension in the sagittal plane within the range of motion 

of 13 +/- 4 degrees at walk and 14 +/- 4 degrees at trot. However, the PIPJ is also subject to movements 

outside the sagittal plane, specifically in adduction/abduction and axial rotation, particularly in 

response to asymmetric loads [6, 7]. Three-dimensional kinematic studies have confirmed the 

presence of small but significant amounts of these extra-sagittal movements during locomotion, 

within the range of motion of 3 or 4 +/- 1 degree, at walk and trot, respectively [8]. An in vitro study 

has demonstrated that the PIPJ undergoes significant axial rotation and collateral motion under 

asymmetric loading, highlighting its key role in maintaining balance [9]. The functional importance 

of these three-dimensional (3D) movements has been emphasised by several authors, who suggest 

they play a crucial role in compensating for ground irregularities or during turning [10-12]. 

Clinically, however, these multi-planar movements are suspected of contributing to articular 

pain and joint damage when excessive or repetitive [7, 13, 14]. The collateral ligaments, which are the 

primary stabilizers restricting movements outside the sagittal plane [15,16], are particularly 

susceptible to injury during athletic activities involving abrupt directional changes [8]. Differently, 

pastern laceration could be responsible of partial or complete disruption of the lateral or medial 

collateral ligaments of the PIPJ. For severe ligament injuries, such as complete laceration or avulsion, 

surgical intervention is typically required to obtain PIPJ stabilization. Arthrodesis of the PIPJ is the 

current treatment of choice, with the goal of eliminating articular movement and associated pain [17]. 

This procedure, however, entails a prolonged recovery period and may be associated with 

complications such as postoperative pain, implant failure, infection, excessive bone formation, and 

laminitis in the contralateral limb [18, 19]. Moreover, a return to athletic performance is not always 

achievable, particularly after forelimb injuries [20]. The biomechanical profile of the PIPJ, combined 

with the capacity for multi-planar movement, should be considered in clinical cases requiring PIPJ 

arthrodesis, as the loss of mobility may exacerbate pathologies in adjacent joints [21]. Consequently, 

alternative techniques for repairing injured collateral ligaments in the equine PIPJ that preserve the 

joint’s biomechanical function are currently being developed, aiming to improve the quality of life in 

the affected horses and the potential for a successful return to sport. 

A reliable and reproducible methodology is therefore required to characterise the biomechanical 

behaviour of the PIPJ and its collateral ligaments. Three-point bending is among the most commonly 

used mechanical methods to characterize the material and biomechanical properties of long bones 

[22, 23]. Its widespread use is due to its ability to create an internal load distribution analogous to 

physiological conditions, particularly at critical locations, establishing it as a standard for evaluating 

bone strength and for deriving parameters such as stiffness and flexural strength [24-28]. 

Furthermore, its reliability in assessing bone tissue mechanics has been demonstrated in numerous 

studies, including those validating bone repair and regeneration techniques in small animal models 

[29]. 

Therefore, the aim of this study is to develop a three-point bending test setup to quantitatively 

and reproducibly characterise the biomechanical behaviour of extrasagittale movements in the 

equine PIPJ, with a specific focus on loading conditions designed to over-stretch the collateral 

ligaments. This ex-vivo model will provide a standardized platform for the future comparative 

evaluation of novel surgical techniques to repair injured collateral ligaments. 
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2. Materials and Methods 

2.1. Specimen Preparation 

Seven proximal interphalangeal joints were isolated from equine patients that died or were 

euthanized for reasons independent of this study at the Veterinary Teaching Hospital of Turin, with 

informed owner consent. The sample set consisted of five forelimb and two hindlimb. Specimens 

utilized in the mechanical tests were carefully dissected by the same veterinary surgeon. Each 

specimen included the proximal and middle phalanges, which were disarticulated at the level of the 

metacarpophalangeal and distal interphalangeal joints. All the surrounding periarticular soft tissues 

were removed, taking care to leave intact the collateral ligaments of the PIPJ and the corresponding 

joint capsule. One joint was tested fresh. Two specimens were frozen after collection and thawed 24 

hours before testing. The remaining four specimens underwent a repeated freeze–thaw cycle 

(thawed, refrozen, and thawed again 24 hours prior to testing). 

2.2. Experimental Setup 

Mechanical testing was performed using an MTS Insight®  Electromechanical Testing System 

equipped with a 1000 N load cell. Two specific components were designed and manufactured to 

integrate with the machine's existing structure. The first element consists of a pair of lower supports, 

whose primary function is to provide a solid, flat base on which specimens can lean stably during 

testing. The second component consists of supplementary supports, designed to constrain sample 

rotation during testing by being positioned on either side of the middle phalanx and on the posterior 

aspect of the proximal phalanx. These custom, 3D-printed system were used to stabilize the joints. 

They allowed joint’s bending in the medio-lateral plane, while constraining unwanted degrees of 

freedom such as slippage and rotation. Each joint was positioned with its lateral side facing upward, 

and the distance between the two lower supports was adjusted individually for each specimen. The 

experimental setup is shown in Figure 1. 

2.3. Testing Protocol 

A three-point non-destructive bending test was performed on each joint to evaluate its 

mechanical response. For each specimen, three to four tests were conducted. A metallic rod was 

aligned with the upper portion of PIPJ centre and lowered at a constant displacement rate of 5 

mm/min. Tests were terminated when the load approached the 1000 N limit of the load cell, unless 

terminated earlier due to specimen slippage or rotation. 

2.4. Data Acquisition and Analysis 

During testing, load and displacement data were directly recorded by the MTS system. 

Simultaneously, the movement of three coloured markers applied to the joint was captured using a 

digital camera. A custom MATLAB script was used to analyse the video footage and calculate the 

medio-lateral joint bending angle during testing as a variation relative to the initial unloaded 

configuration. 
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Figure 1. Experimental setup for the three-point bending test of the equine proximal interphalangeal joint. 

3. Results 

In the initial trials, specimen instability, manifested as horizontal slippage or sagittal rotation, 

occasionally led to premature termination. The introduction of a fixed loading rod in subsequent 

experiments minimized these issues, enabling more stable testing conditions and consistent data 

collection until either a load plateau or the machine’s safety limit was reached. 

3.1. Load-Displacement and Time-Angle Curves 

Specimen 1 (Hindlimb, Frozen–Thawed) underwent three tests. The first two tests were 

terminated due to sagittal rotation of the specimen near the end of the loading cell's capability, while 

the third test was interrupted after approximately 50 seconds because of horizontal slippage. For this 

final test, the specimen was rotated to a position in which the medial collateral ligament facing 

upward. The load–displacement curves (Figure 2a) exhibited an irregular progression of load with 

increasing displacement, characterized by marked changes in slope. The corresponding time–angle 

curves (Figure 2b) confirmed this irregularity, with the medio-lateral bending angle increasing in a 

non-linear and non-uniform manner, consistent with rotation and slippage of the specimen during 

loading. 

 

Figure 2. Specimen 1. (A) Load-displacement curve; (B) Bending angle-time curve. *The joint was rotated to 

perform this test. 
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Specimens 2 to 5 (Forelimb, Repeated Freeze–Thaw) demonstrated more regular mechanical 

behaviour compared to Specimen 1. The load–displacement curves (Figure 3) and corresponding 

time–angle curves (Figure 3) showed a progressive increase in load and medio-lateral bending angle 

with displacement. Except for two tests on Specimen 2 that were prematurely terminated due to 

slippage, the remaining tests on Specimen 2 and all tests on Specimens 3, 4, and 5 were completed 

until a plateau appeared in the load–displacement curve. The experimentally observed plateau is 

attributed to the testing configuration, in which the pivotable loading rod, in combination with the 

non-planar articular surface, allowed sagittal rotation of the specimen under load. 

 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 October 2025 doi:10.20944/preprints202510.1847.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.1847.v1
http://creativecommons.org/licenses/by/4.0/


 6 of 12 

 

 Figure 3. Specimen 2: (A) Load-displacement curve; (B) Bending angle-time curve. Specimen 3: (C) Load-

displacement curve; (D) Bending angle-time curve. Specimen 4: (E) Load-displacement curve; (F) Bending angle-

time curve. Specimen 5: (G) Load-displacement curve; (H) Bending angle-time curve. *The joint was rotated to 

perform this test. 

Specimen 6 (Hindlimb, Fresh) displayed a response comparable to that of the previous 

specimens in the initial tests. The first two tests were terminated upon reaching a load plateau, 

consistent with the effect of the pivotable loading rod. The third test was terminated due to horizontal 

slippage. Consequently, a fourth test was conducted using the fixed metallic rod, which prevented 

premature termination and allowed the trial to proceed until the load approached the 1000 N, limit 

of the load cell. The load–displacement and time–angle curves for all four tests are shown in Figure 

4A and 4B. 

Specimen 7 (Forelimb, Frozen–Thawed) was tested exclusively with the fixed loading tool across 

four consecutive trials. In all cases, the tests were discontinued as the load approached the 1000 N 

limit of the load cell, without evidence of slippage or premature plateau formation. The 

corresponding load–displacement and time–angle curves, which demonstrate high reproducibility 

across replicates, are presented in Figure 4C and 4D. 

 

Figure 4. Specimen 6: (A) Load-displacement curve; (B) Bending angle-time curve. Specimen 7: (C) Load-

displacement curve; (D) Bending angle-time curve.  

3.2. Joint Mechanical Response 

The maximum medio-lateral bending angles, calculated as the deviation from the initial 

configuration, are shown in Table 1. For the hindlimb joints, the mean maximum angle was 3.26° for 

the thawed specimen and 1.97° for the fresh specimen, based on all four tests. Forelimb joints showed 

greater variation. The mean maximum angles were 3.57° (5.17° when excluding prematurely 

terminated tests), 8.07°, 6.22°, and 5.76° for joints subjected to repeated freeze–thaw cycles, and 5.42° 

for the specimen subjected to a single freeze–thaw cycle. 
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Table 1. Experimental results of the maximum flexion angles 

Specimen 
Anterior /  

Posterior 
Test Angle (°) Mean 

Standard 

deviation 

1 

 1 3.36 
3.26 0.15 

Posterior 2 3.15 

 3* 6.70 6.70  

6 Posterior 

1  0.88 

1.77 0.79 2  2.38 

3 2.06 

4 2.55 2.55  

2 Anterior 

1 2.28 

3.57 2.99 
2 1.87 

3 2.07 

4 8.05 

3 

 1 7.74 

8.07 0.31 Anterior 2 8.35 

 3 8.12 

4 

 1 7.34 

6.22 1.03 Anterior 2 5.98 

 3 5.33 

5 

 1 6.37 

5.76 0.55 Anterior 2 5.59 

 3 5.31 

7 Anterior 

1 6.14 

5.42 0.54 
2 5.54 

3 5.00 

4 5.00 

* The joint was rotated to perform this test. 

The maximum load values, before the experimentally observed plateau due to rotation of the 

specimen, and the maximum deflection of the metallic rod recorded during the three-point bending 

tests are summarised in Table 2. For the hindlimb joints, the mean maximum load was 978.45 N for 

the once-thawed specimen and 902.13 N for the fresh specimen. For the forelimb joints, the mean 

maximum loads were 717.15 N (884.13 N excluding prematurely terminated tests), 940.30 N, 830.01 

N, and 982.61 N for specimens subjected to repeated freeze–thaw cycles, and 981.85 N for the once-

thawed specimen. Although the loads recorded for the forelimb joints were lower than those of the 

hindlimb joints, this difference was not statistically significant. 

The mean maximum displacement for hindlimb joints was 8.76 mm for the thawed specimen 

and 8.63 mm for the fresh specimen. The mean maximum displacement for forelimb joints was 7.39 

mm, 9.53 mm, 9.67 mm, and 7.96 mm for joints subjected to repeated freeze–thaw cycles, and 7.92 

mm for the once-thawed specimen. 

Table 2. Experimental results of the maximum load 

Specimen 
Anterior /  

Posterior 
Test Load (N) 

Mean 

Load (N) 

Standard 

Deviation 

(N) 

Displacement 

(mm) 

Mean 

(mm) 

Standard 

Deviation 

(mm) 

1 

 1 961.64 
978.45 23.77 

8.70 
8.76 0.08 

Posterior 2 995.26 8.81 

 3* 987.71 958.71  7.49 7.49  

6 Posterior 
1  892.60 

874.77 29.35 
8.31 

8.71 0.44 
2  890.81 8.63 
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3 840.90 9.18 

4 984.22 987.22  8.38 8.38  

2 Anterior 

1 856.94 

717.15 194.17 

7.84 

7.39 1.04 
2 543.52 5.83 

3 556.81 8.03 

4 911.33 7.84 

3 

 1 947.14 

940.30 10.28 

9.07 

9.53 0.47 Anterior 2 945.29 9.53 

 3 928.48 10.00 

4 

 1 873.01 

830.01 38.40 

9.66 

9.67 0.54 Anterior 2 817.89 10.21 

 3 799.13 9.13 

5 

 1 1000.00 

982.61 15.13 

9.63 

7.96 1.45 Anterior 2 975.38 7.25 

 3 972.44 6.99 

7 Anterior 

1 977.63 

981.85 4.63 

7.72 

7.92 0.19 
2 978.50 7.83 

3 983.80 8.00 

4 987.47 8.14 

* The joint was rotated to perform this test. 

Overall, the results indicate that hindlimb proximal interphalangeal joints exhibited greater 

strength compared to forelimb joints. The greater mobility of the forelimb joints is consistent with 

their lower stiffness, which may explain the reduced strength observed in our tests. Furthermore, no 

significant differences were observed between fresh and thawed specimens, or between those 

subjected to repeated freeze–thaw cycles and those thawed only once. 

4. Discussion 

Characterizing the tensile mechanical properties of tendon and ligaments is important for the 

assessment of functional health and efficacy of treatment for acute and chronic injuries. Guidelines 

for ex-vivo mechanical testing of tendons are well described [30], however no data exist across 

laboratories concerning ex-vivo mechanical assessment of collateral ligaments stabilizing 

diarthrodial joints. Ex-vivo mechanical testing of tendon sutures involves surgically repairing a cut 

tendon in a lab setting and then using a testing machine by traction to pull it to failure. However, this 

method of measure the force required for failure is not appliable to evaluate the performance of a 

repaired collateral ligament since these structures are not subjected only to tensile forces.   

The initial objective of this study was to develop a three-point bending setup for ex-vivo 

characterize mechanical behaviour of the collateral ligaments in the equine PIPJ. The primary goal of 

this study was to obtain reproducible and meaningful data to assess the PIPJ medio-lateral bending 

resistance when the medial and lateral collateral ligaments are intact, establishing a baseline for 

future comparisons with joints subjected to surgical repair techniques of the collateral ligaments. The 

primary objective of the study is to simulate in a convenient specimen the extra sagittal bending 

forces which determine the abduction/adduction of the PIPJ in presence of competent and intact 

collateral ligaments.  

The results demonstrated good repeatability in terms of applied displacement, recorded load, 

and calculated medio-lateral bending angle. The use of a 1000 N load cell provides a non-destructive 

operational investigation range without signal saturation. In this study we cannot provide data on 

collateral ligament overstrain because we are not able to cause collateral ligament failure in the equine 

PIPJs with the 1000 N load cell. However, we can determine the biomechanical behaviour of the 

collateral ligaments of the PIPJ during joint abduction/adduction. Surprisingly, our result concerning 

the range of motion of the PIPJ are consistent with recent in vivo data registered in the equine PIPJ in 
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motion, where it was observed that the contribution of the PIPJ to abduction/adduction is 3 +/- 1 

degrees at walk and trot [31].  

A key aspect of the experiment set-up was the use of custom 3D-printed resin supports. These 

fixtures, designed to fit both the testing machine and the geometry of the bone segments, played a 

crucial role in ensuring specimen stability during testing. They minimized unwanted movements 

such as horizontal slippage and sagittal rotation, thereby improving measurement accuracy and 

enhancing reproducibility across subsequent tests. In addition, the use of a fixed loading rod, rather 

than a pivotable one, further reduced the occurrence of joint rotation under load. 

The application of markers on the specimens and the implementation of a custom MATLAB 

script allowed accurate determination of the joint bending angle during testing, tracking its 

progression over time. This approach demonstrated adequate precision to detect small angular 

deflections. 

The acquired data, displacement, force, and bending angle, were analysed separately for 

forelimb and hindlimb joints. The results showed good consistency within each anatomical group. 

The experimental data indicated greater mobility in forelimb joints, which exhibited mean maximum 

bending angles of up to 8.07°, compared to a maximum of 3.26° in hindlimb joints. This greater 

deformability was supported by the recorded load values, with the lower stiffness of the forelimb 

joints accounting for their reduced strength during testing. 

 Future studies could benefit from an increased sample size to improve the statistical 

significance of the results and reduce the uncertainty associated with inter-individual variability. A 

larger cohort would allow for more precise identification of differences between the two anatomical 

subgroups. 

The experimental phase included only one fresh limb specimen, with results compared to those 

from specimens subjected to one or multiple freeze–thaw cycles. Although no significant differences 

were observed in this specific case, a single fresh sample is insufficient to draw definitive conclusions 

regarding the potential influence of thermal cycling on joint mechanical properties. Since freezing 

and thawing processes can affect the ligament stiffness, strength, and viscoelasticity of soft tissues, 

future studies should include a greater number of fresh specimens to allow a robust comparison with 

freeze–thawed samples. 

In conclusion, the results of this preliminary study indicate that the experimental set-up for 

three-point bending of joints provides a reliable and repeatable framework for the quantitative 

evaluation of the biomechanical behaviour of the collateral ligaments of the equine PIPJ. The system 

proved effective in analysing joints with healthy collateral ligaments, laying the foundation for future 

comparative studies applying the same protocol to joints undergoing collateral ligament repair 

techniques. 

5. Conclusions 

The developed three-point bending test setup provides a method for the quantitative 

biomechanical assessment of the collateral ligament of the equine PIPJ. The custom-designed setup, 

incorporating 3D-printed fixtures and marker-based video analysis, proved to be a reproducible 

approach for characterizing the joint’s mechanical behaviour in the medio-lateral plane. 

This study established baseline data for healthy joints, revealing a statistically significant 

difference in mechanical response between forelimbs and hindlimbs. 

The implemented test represents the first experimental attempt to evaluate the mechanical 

stability of both healthy and surgically repaired joints using a three-point bending test. This 

comparison, which can be extended in subsequent studies to larger sample sizes and different clinical 

conditions, could provide essential insights into the strength and functionality of joint repairs, with 

potential applications not only in veterinary medicine but also in human orthopaedics. 
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