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SUMMARY:
The protocol describes efficient and reproducible tensile biomechanical testing methods for murine tendons through the use of custom-fit 3D printed fixtures. 

ABSTRACT:
Tendon disorders are common, affect people of all ages, and are often debilitating. Standard treatments, such as anti-inflammatory drugs, rehabilitation, and surgical repair, often fail. In order to define tendon function and demonstrate efficacy of new treatments, the mechanical properties of tendons from animal models must be accurately determined. Murine animal models are now widely used to study tendon disorders and evaluate novel treatments for tendinopathies; however, determining the mechanical properties of mouse tendons has been challenging. In this study, a new system was developed for tendon mechanical testing that includes 3D-printed fixtures that exactly match the anatomies of the humerus and calcaneus to mechanically test supraspinatus tendons and Achilles tendons, respectively. These fixtures were developed using 3D reconstructions of native bone anatomy, solid modeling, and additive manufacturing. The new approach eliminated artifactual gripping failures (e.g., failure at the growth plate failure rather than in the tendon), decreased overall testing time, and increased reproducibility. Furthermore, this new method is readily adaptable for testing other murine tendons and tendons from other animals. 

INTRODUCTION: 
Tendon disorders are common and highly prevalent among the aging, athletic, and active populations1–3. In the United States, 16.4 million connective tissue injuries are reported each year4 and account for 30% of all injury-related physician office visits3,5–8. The most commonly affected sites include the rotator cuff, Achilles tendon, and patellar tendon9. Although a variety of non-operative and operative treatments have been explored, including anti-inflammatory drugs, rehabilitation, and surgical repair, outcomes remain poor, with limited return to function and high rates of failure5,6. These poor clinical outcomes have motivated basic and translational studies seeking to understand tendinopathy and to develop novel treatment approaches. 

Tensile biomechanical properties are the primary quantitative outcomes defining tendon function. Therefore, laboratory characterization of tendinopathy and treatment efficacy must include a rigorous testing of tendon tensile properties. Numerous studies have described methods to determine the biomechanical properties of tendons from animal models such as rats, sheep, dogs, and rabbits10–12. However, few studies have tested the biomechanical properties of murine tendons, primarily due to the difficulties in gripping the small tissues for tensile testing. As murine models have numerous advantages for mechanistically studying tendinopathy, including genetic manipulation, extensive reagent options, and low cost, development of accurate and efficient methods to biomechanically test murine tissues is needed. 

In order to properly test the mechanical properties of tendons, the tissue must be gripped effectively, without slipping or artifactual tearing at the grip interface or fracturing of the growth plate. In many cases, particularly for short tendons, the bone is gripped on one end and the tendon is gripped on the other end. Bones are typically secured by embedding them in materials such as epoxy resin13 and polymethylmethacrylate14,15. Tendons are often placed between two layers of sandpaper, glued with cyanoacrylate, and secured using compression clamps (if the cross section is flat) or in a frozen medium (if the cross section is large)15–17. These methods have been applied to biomechanically test murine tendons, but challenges arise due to the small size of the specimens and the compliance of the growth plate, which never ossifies18. For example, the diameter of the murine humeral head is only a few millimeters, thus making gripping of the bone difficult. Specifically, tensile testing of murine supraspinatus tendon-to-bone samples often results in failure at the growth plate rather than in the tendon or at the tendon enthesis. Similarly, biomechanical testing of the Achilles tendon is challenging. Although the Achilles tendon is larger than other murine tendons, the calcaneus is small, making gripping of this bone difficult. The bone can be removed, followed by gripping the two tendon ends; however, this precludes the testing of the tendon-to-bone attachment. Other groups report gripping the calcaneus bone using custom-made fixtures19,20, anchoring by clamps21, fixing in self curing plastic cement22 or using a conical shape slot22, yet these prior methods remain limited by low reproducibility, high gripping failure rates, and tedious preparation requirements.

The objective of the current study was to develop an accurate and efficient method for tensile biomechanical testing of murine tendons, focusing on the supraspinatus and Achilles tendons as examples. Using a combination of 3D reconstructions from native bone anatomy, solid modeling, and additive manufacturing, a novel method was developed to grip the bones. These fixtures effectively secured the bones, prevented growth plate failure, decreased specimen preparation time, and increased testing reproducibility. The new method is readily adaptable to test other murine tendons as well as tendons in rats and other animals. 

PROTOCOL:
Animal studies were approved by Columbia University Institutional Animal Care and Use Committee. Mice used in this study were of a C57BL/6J background and were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). They were housed in pathogen-free barrier conditions and were provided food and water ad libitum.
 
1. [bookmark: _Hlk13566115]Development of custom-fit 3D printed fixtures for gripping bone

1.1. Bone image acquisition and 3D bone model construction

1.1.1. Dissect the bone of interest in preparation for 3D model creation and 3D bone grip printing; the humerus and the calcaneus are used as examples in the current protocol. 

NOTE: Detailed instructions to dissect bone-tendon-muscle specimens for mechanical testing are provided in step 2.1.1. The following steps should be followed to isolate bones for the purpose of creating 3D-printed bone grips.

1.1.1.1. Dissection of the humerus: Euthanize a mouse per IACUC-approved procedure. Remove upper extremity skin, remove all muscles over the humerus, disarticulate the elbow and glenohumeral joints, and carefully remove all connective tissues attached to the humerus.

1.1.1.2. Dissection of the calcaneus: Euthanize a mouse per IACUC-approved procedure. Remove lower extremity skin, disarticulate the Achilles tendon-calcaneus joint and joints between calcaneus and other foot bones, and carefully remove all connective tissues attached to the calcaneus.

1.1.2. Perform a microcomputed tomography scan of the entire bone, e.g., scan the humerus and calcaneus samples. 

NOTE: Depending on the scanner used, the settings will be different. For the scanner used in the current study (Table of Materials), the recommended settings are: scan at an energy of 55 kVP, Al 0.25 filter, at a resolution of 6 μm.

1.1.2.1. Mix agarose powder in ultrapure water and microwave for 1-3 min until the agarose is completely dissolved. It is helpful to microwave for 30-45 s, stop and swirl, and then continue towards a boil. Fill cryotubes up to three-quarters full with agarose. Let the agarose cool for about 5-10 min. 

1.1.2.2. Insert bone into the agarose gel (this will prevent movement artifacts during scanning). Insert a cryotube with bone into the scanner. 

NOTE: For the scanner used in the current study, a 16-position automatic sample changer was used for all scans. This scanner can automatically select magnification according to a sample’s size and shape. 

1.1.3. Reconstruct microcomputed tomography scan projection images into cross-section images. Use recommended parameters for the experimenter’s scanner/software combination. 

NOTE: For the program used in the current study (Table of Materials) it is recommended to use the following reconstruction parameters: Smoothing: 0-2, Beam Hardening Correction: 45, Ring Artefact Reduction: 4-9 and to reconstruct slices in 16-bit TIFF format.

1.1.4. Create a 3D surface model and save into a standard STL format compatible with most 3D printers and rapid prototyping. For the program used in the current study (Table of Materials), do the following: 

1.1.4.1. [bookmark: _Hlk13571501]Select the command File > Open to open the file dataset. Open the dialog File > Preferences and select the Advanced tab. 

1.1.4.2. Use the double-time cubesadaptive rendering algorithm to construct the 3D models. This algorithm minimizes the number of facet triangles and provides smoother surface detail. Use 10 as the locality parameter; this parameter defines the distance in pixels to the neighboring point used for finding the object border. Minimize tolerance to 0.1 to decrease file size.

NOTE: After opening the dataset, the images are shown in the “Raw Images” page.

1.1.4.3. To specify the volume of interest (VOI), manually select two images to set as the top and bottom of the selected VOI range.

1.1.4.4. Move to the second page, Region of Interest. Manually select the region of interest on a single cross section image. 

NOTE: The selected region will be highlighted in red (i.e., the humerus cross-sectional area). 

1.1.4.5. Repeat the previous step every 10–15 cross-section images. 

1.1.4.6. Move to the third page Binary Selection. On the histogram menu, click From Ddataset. The histogram distribution of brightness from all images of the dataset will be shown. Also on the histogram menu, click the Create a 3D Model file menu.

1.1.5. Save a 3D model of the bone in STL file format.

1.1.6. Refine the mesh: Manipulate the mesh to reduce the size of the STL file and make it compatible with any solid modeling computer-aided design program. For the program used in the current study (Table of Materials), follow the steps below:

1.1.6.1. Import mesh and select all to edit. Choose Reducefine Mesh from the toolset UtilitiesEdit. Then sSelect Triangle Budget from the toolset Reduce Target. Reduce the Tri Count and accept changes. Resave the newly reduced file in STL format by choosing Export as… the mesh object to edit. Reduce mesh by a factor of 0.95 to lower the end size of the mesh object. Resave the newly reduced file in STL format by choosing Export as….

NOTE: The “Remesh” tool could also be used to reduce the size of the mesh.

1.2. Design of custom-fit bone fixtures 

1.2.1. Supraspinatus tendon-humeral bone

1.2.1.1. Use a solid modeling computer-aided design program to create a custom-fit model of humerus gripping fixture (Figure 1, Supplemental Files). 

NOTE: The program used in the current study is listed in the Table of Materials.

1.2.1.2. Open the STL format file of the humerus bone in a solid modeling program and save as a part file. 

NOTE: For the software used in the current study (Table of Materials), the 3D bone object was saved in SLDPRT format.

1.2.1.3. Open the part file and manually create three anatomically relevant planes (i.e., sagittal, coronal, transverse).

1.2.1.3.1. Manually define the sagittal plane to cut through the supraspinatus tendon attachment at the greater tuberosity. Ensure that the 3D block contains the sagittal plane as a plane of symmetry. To achieve this, add or cut material from the block if needed. 

NOTE: This plane of symmetry ensures that when the specimen is inserted into the fixtures the tendon and tendon attachment are located in the central axis of the fixture.

1.2.1.4. Measure dimensions of the bone along each of the three planes (i.e., height, width, length).

1.2.1.5. Measure the dimensions of the mechanical testing grips where the 3D printed fixture will be attached.

1.2.1.6. Begin by designing a solid block part (e.g., a solid cylinder).

1.2.1.6.1. Ensure that each dimension of the block is at least 5 mm greater than the dimensions of the humerus.

1.2.1.6.2. Account for design constraints from mechanical testing grips (i.e., ensure that the 3D printed fixture can be assembled and disassembled freely in the mechanical testing grips).

1.2.1.7. Create an assembly model with two components: the solid block and either the right or left humerus bone. Define the orientation of the bone within the block (i.e., the angle between the tendon and bone). Ensure that the entire bone volume fits inside the block. 

1.2.1.8. [bookmark: _Hlk13572435]Create a cavity in the block using the humerus bone as the mold. If using the software specified in the Table of Materials, follow the following steps:

1.2.1.8.1. Insert the design part (humerus) and the mold base (cylinder block) into an interim assembly. In the assembly window, select the block, and click Edit Component from the Assembly toolbar.

1.2.1.8.2. Click Insert > Mold Features > Cavity. Select Uniform Sscaling and enter 0% as the value to scale in all directions. 

1.2.1.9. Suppress the bone part and save the assembly as a part.

1.2.1.10. Open part (cylinder with cavity). Cut the assembly part along the sagittal plane to create two symmetrical components that fit the bone anteriorly and posteriorly (e.g., two half cylinders, as seen in Figure 1). 

NOTE: Two components are designed that fit the bone anteriorly and posteriorly. The anterior component includes a half spherical-shaped cavity extended from the anterior side of the humeral head up to the supraspinatus tendon attachment. The posterior component cavity is shaped like the posterior part of the humerus (i.e., posterior side of the humeral head, deltoid tuberosity, and medial and lateral epicondyle).

1.2.1.11. Save each component as a separate file part. 

1.2.1.12. For the anterior component, ensure that the humeral head is embedded in the cavity of the part by defining appropriate tolerances. 

NOTE: In the current study, using the software specified in the Table of Materials, it is suggested to follow the steps below: 

1.2.1.12.1. Create a revolved cut to smooth the mesh geometry of the cavity. Create a sketch for the cut by emulating the cavity geometry and adding a locational clearance. 

NOTE: The clearance allows for free assembly and disassembly between the bone and the anterior component. 

1.2.1.13. Modify the posterior component to imitate the cavity geometry to create a cut that adds clearance, as described above for the anterior component.

1.2.1.14. Make a cut in the transverse plane starting from the top of the posterior component up to the crest of the greater/lesser tubercle. 

NOTE: As seen in Figure 1 and Figure 2, the posterior component includes a cut that creates an opening at the tendon attachment.

1.2.1.15. Create a snug fit between the two components to allow for free assembly and disassembly. 

NOTE: A hole-shaft fit with a loose running clearance was created for the fixtures in the current study.

1.2.1.16. Create 3D mirror models for each component of the fixture for the opposite limb (i.e., left or right).

1.2.1.17. Add an etch on the bottom of the fixtures to distinguish between the left and right sides.

1.2.1.18. Save all fixture parts in STL standard file format in preparation for 3D printing.

1.2.2. Achilles tendon-calcaneus bone

1.2.2.1. Follow the same steps as described above for supraspinatus-humeral head fixture. 

NOTE: Only one set of fixtures is necessary for the Achilles-calcaneal, since the anatomy of the left and right calcaneus bones is nearly symmetrical.

2. Biomechanical testing of murine tendons

2.1. Specimen preparation and cross-sectional area measurement

2.1.1. Dissect the muscle-tendon-bone of interest in preparation for tensile mechanical testing. In the current study, supraspinatus muscle - tendon - humerus bone specimens (N=10, 5 male, 5 female) and gastrocnemius muscle - Achilles tendon-calcaneus bone specimens (N=12, 6 male, 6 female) were isolated from 8 week old C57BL/6J mice. 

2.1.1.1. Dissection of the supraspinatus muscle - tendon - humerus bone specimen

2.1.1.1.1. Euthanize a mouse per IACUC-approved procedure. Position the mouse in a prone position. Make an incision in the skin from above the elbow of the forepaw towards the shoulder.

2.1.1.1.2. Carefully remove the skin with blunt dissection so that the musculature of the shoulder is visible. Remove the tissue surrounding the humerus until the bone is exposed and can be held securely with forceps.

2.1.1.1.3. Hold the humerus with forceps and carefully remove the deltoid and trapezius muscles to expose the coracoacromial arch. Identify the acromioclavicular joint and carefully separate the clavicle from the acromion with a scalpel blade.

2.1.1.1.4. Taking care not to damage the supraspinatus tendon and its bony attachment, remove the muscle from its scapular attachment using a scalpel blade. Taking care not to damage the supraspinatus tendon and its bony attachment, detach the humeral head from the glenoid; using a scalpel blade, lacerate the joint capsule and the infraspinatus, subscapularis, and teres minor tendons. 

2.1.1.1.5. Disarticulate the elbow joint to separate the humerus from the ulna and radius. Isolate the humerus - supraspinatus tendon - muscle specimen and clean off excess soft tissues on the humerus and humeral head.

2.1.1.2. Dissection of the Achilles tendon - calcaneus bone sample

2.1.1.2.1. Euthanize a mouse per IACUC-approved procedure. Position the mouse in a supine prone position. Taking care not to damage the Achilles tendon and its bony attachment, remove the skin with blunt dissection so that the musculature around the ankle and knee joints is exposed.

2.1.1.2.2. Using a scalpel blade, starting at the Achilles tendon - calcaneus attachment, carefully detach the gastrocnemius muscle from its proximal attachments. 

2.1.1.2.3. Carefully disarticulate the calcaneus from the various adjacent bones. Isolate the Achilles tendon - calcaneus specimen and clean off excess soft tissues.

2.1.2. Determine the cross-sectional area of the tendon using microcomputed tomography. 

NOTE: For the scanner used in the current study (Table of Materials), the recommended settings are: scan at an energy of 55 kVP, Al 0.25 filter, at a resolution of 5 μm.

2.1.2.1. Mix agarose powder in ultrapure water and microwave for 1-3 min until the agarose is completely dissolved. It is helpful to microwave for 30-45 s, stop and swirl, and then continue towards a boil. Fill cryotubes up to three-quarters full with agarose. Let the agarose cool for about 5-10 min. 

2.1.2.2. Suspend the specimen in the cryotube by inserting the bone upside down. 

NOTE: Only the bone should be in the agarose gel. The tendon and muscle should be suspended outside. 

2.1.3. After the scan, gently remove muscle from tendon using scalpel blade. Insert the specimen into the 3D-printed fixture. 

NOTE: The grips are reusable for each test. Do not use glue or epoxy in the fixture; the bone is held in a press fit.

2.1.4. Insert and glue the tendon between a folded thin tissue paper (2 cm x 1 cm) and clamp the construct using thin film grips. Attach thea 3D printed fixture with the specimen into the testing grips. 

2.1.5. Insert the sample and the grips into a testing bath of phosphate buffered saline (PBS) at 37 °C (i.e., mouse body temperature23).

2.2. Tensile testing

2.2.1. Perform tensile mechanical test on a material testing frame. 

NOTE: For the testing frame used in the current study (Table of Materials), the recommended protocol is:

2.2.1.1. Define the gauge length as the distance from the tendon attachment to the upper grip.

2.2.1.2. Precondition with 5 cycles between 0.05 N and 0.2 N.

2.2.1.3. Hold for 120 s.

2.2.1.4. Use a tension to failure of 0.2%/s.

2.2.2. Collect load-deformation data.

2.2.3. Calculate the strain as the displacement relative to the initial gauge length of the tendon. 

2.2.4. Calculate the stress as the force divided by the initial tendon cross-sectional area (as measured from microCT).

2.2.5. If interested in viscoelastic behavior, perform a stress relaxation prior to the tension test to failure and use the data to calculate parameters such as A, B, C, tau1, and tau2 from the quasilinear viscoelastic model24.

2.2.6. From the load deformation curve, calculate the stiffness (slope of linear portion of curve), the maximum force, and the work to yield (the area under the curve up to yield force).

2.2.6.1. Identify the linear portion by choosing a window of points in the load-deformation curve that maximizes the R2 value for a linear least squares regression25.

2.2.6.2. Determine the stiffness as the slope of the linear portion of the load-displacement curve25,26.

2.2.7. From the stress strain curve, calculate the modulus (slope of linear portion of curve), the strength (maximum stress), and the resilience (area under the curve up to yield stress).

NOTE: Using the RANSAC algorithm, the yield strain (x-value) is defined as the first point when the y-fit has deviated more than 0.5% of the expected stress value (y-value). Yield stress is the corresponding y-value of the yield strain.

NOTE: In addition to the monotonic tensile loading to failure described in the current study, cyclic loading can provide important information about tendon fatigue and/or viscoelastic properties. For example, Freedman et al. reported fatigue properties of the murine Achilles tendons27.

2.2.8. After completion of tensile testing, perform a microcomputed tomography scan of the entire bone, e.g., scan the humerus and calcaneus samples. 

NOTE: For the scanner used in the current study (Table of Materials), the recommended settings are: scan at an energy of 55 kVP, Al 0.25 filter, at a resolution of 6 μm.

2.2.8.1. Repeat steps 1.1.2.1–1.1.2.2.

2.2.9. Repeat step 1.1.3.

2.2.10. Use a 3D visualization program compatible with the scanner to create a volume-rendered 3D model of the scanned object.

NOTE: The program used in the current study is listed in the Table of Materials.

2.2.11. Determine the failure mode and failure site area by inspecting the 3D object.

2.3. Statistical analysis: Show all sample results as mean ± standard deviation (SD). Make comparisons between groups using student’s t-tests (two-tailed and unpaired). Set significance as p < 0.05. 

NOTE: The statistical software used in the current study is listed in the Table of Materials.

REPRESENTATIVE RESULTS:
[bookmark: _gjdgxs]3D-printed fixtures were used to test 8-week old murine supraspinatus and Achilles tendons. All mechanically tested samples failed at the enthesis, as characterized by microCT scans, visual inspection, and video analysis after tensile tests. A one-to-one comparison of the previous and current methods for supraspinatus tendon testing in our laboratory is shown in Figure 3. In the previous method28–30, the humerus bone was embedded in epoxy and a paper clip was placed over the humeral head in an effort to prevent growth plate fracture. 4-6 hours were necessary to allow for the epoxy to fully cure (Figure 3), allowing for only 6-8 specimens to be tested in a typical day. A further limitation of the approach was the user-dependent effectiveness of the paper clip placement for preventing growth plate fracture. The testing results using these prior methods were highly variable, with coefficients of variation on the order of 30% for most parameters and growth plate failure rates of approximately 10%–20%. As summarized in Figure 3, specimen preparation time using the new methods was decreased to 5–10 minutes, making it practical to test 16–20 samples per day. Furthermore, growth plate failures were eliminated. 
[bookmark: _30j0zll]
[bookmark: _1fob9te]Compared to methodology reported by others for testing murine tendons14,15,17,25,28–33, the new methods were more efficient and reproducible. For supraspinatus tendons, structural properties such as maximum load (3.8 ± 0.6 N) and stiffness (12.7 ± 1.8 N/mm), as well as normalized material properties such as maximum stress (810.74 ± 3.03 MPa), and modulus (51.7 ± 13.5 MPa) had considerably lower coefficients of variations compared to results from the literature (Table 1). For the Achilles tendon, mechanical properties such as maximum load (7.8 ± 1.1 N) and stiffness (13.2 ± 1.9 N/mm) had lower coefficients of variations compared to results from the literature19,21,22,32–38, whereas maximum stress (24.2 ± 5.4 MPa) and modulus (73.252.5 ± 22.15 MPa) had coefficients of variations similar to those reported in the literature (Table 2). 
[bookmark: _3znysh7]
[bookmark: _2et92p0]Animal sex had a significant effect on the mechanical properties of the supraspinatus and Achilles tendons (Figure 4). When comparing male and female supraspinatus tendons, there were significant increases in maximum force (p = 0.002) and work to yield (p = 0.008). There were trends between the two groups for stiffness (p = 0.057), stress (p = 0.068), modulus (p = 0.061) and resilience (p = 0.078). When comparing male and female Achilles tendons, there were significant increases in maximum stress (p = 0.0006) and resilience (p = 0.0019). There were trends between the two groups for work to yield (p = 0.079), and modulus (p = 0.074) and . There was no difference between the two groups for maximum force (p = 0.1880) and stiffness (p = 0.6759).
[bookmark: _tyjcwt]
FIGURE AND TABLE LEGENDS:

Figure 1: Representative 3D models of fixtures for the humerus (top row) and the calcaneus (bottom row). (A) 3D models of the bones. (B) Disassembled models of the fixtures. (C) Assembled models of the fixtures. The supraspinatus tendon attachment is indicated by arrows.

Figure 2: Representative 3D printed fixtures. (A) Fixture for biomechanical testing of supraspinatus tendons of 8-week old mice at an angle of 180° between the humerus and supraspinatus tendon.  of 180°. (B) Fixture for biomechanical testing of supraspinatus tendons of 8-week old mice at an angle of 135° between the humerus and supraspinatus tendon of 135°. (C) Fixture for biomechanical testing of murine Achilles tendons at an angle of 120° between the calcaneus and Achilles tendon of 120°. (D) Fixture for biomechanical testing of supraspinatus tendons of adult Sprague Dawley rats at an angle of 180° between the humerus and supraspinatus tendon of 180°. Scale bar: 5 mm.

Figure 3: Comparison of previous and current methods for mechanical testing of murine supraspinatus tendons. (A) Previous specimen preparation methods used in our laboratory prior to mechanical testing: the humerus was potted in epoxy up to the humeral head to stabilize the bone, a paper clip was placed over the humeral head to prevent growth plate fracture, and, for the epoxy to cure, the specimens were left in room temperature for 4-6 hours prior to mechanical testing. (B) Specimen preparation methods used in the current study (Steps 1.2 and 2.1.4): Top left shows a 3D representation of the fixtures as produced by a solid modeling program. The 3D printed fixtures are reusable and easily assembled and disassembled. The bone end of the specimen is inserted into the fixtures, securing the growth plate and exposing the tendon for gripping and testing. The tendon end is glued between a folded thin tissue paper and inserted into the grips. Preparation time for each specimen is 10–15 minutes. (C) Representative load-deformation curves for tensile testing of supraspinatus tendon using current methods. (D) Representative load-deformation curve for tensile testing of supraspinatus tendon showing a growth plate failure.

Figure 4: Sex effect on the mechanical properties of supraspinatus (SST) and Achilles (ACHT) tendons. There was a significant effect of sex on many of the mechanical properties based on unpaired t-tests (*sex effect, p < 0.05). Data shown as mean ± standard deviation.

Figure 5: Cross-sectional area measurement from microCT. (A) Minimum cross-sectional area measurement along the length of supraspinatus tendon. (B) Minimum cross-sectional area measurement along the length of Achilles tendon. Only the tendon proper should be selected for measurement.

Table 1: Mechanical properties of supraspinatus tendons. Mean ± SD and coefficient of variation (COV) for structural and material properties estimated using new methods compared to ones reported in the literature. [NR: not reported, * estimated from figure(s), # standard deviation calculated from reported standard error, † measured deformation using optical stain lines].

Table 2: Mechanical properties of Achilles tendons. Mean ± SD and COV for structural and material properties estimated using new methods compared to ones reported in the literature. [NR: not reported, * estimated from figure(s), # standard deviation calculated from reported standard error].

DISCUSSION: 
Murine animal models are commonly used to study tendon disorders, but characterization of their mechanical properties is challenging and uncommon in the literature. The purpose of this protocol is to describe a time efficient and reproducible method for tensile testing of murine tendons. The new methods reduced the time required to test a sample from hours to minutes and eliminated a major gripping artifact that was a common problem in previous methods. 

Several steps described in this protocol are critical to produce effective fixtures mechanically testing murine supraspinatus and Achilles tendons. First, step 1.1.42 is necessary to create a 3D model of the desired bone; however, due to the typically high resolution used for this scan, the file size may be too large to use with solid modeling programs. The software used in this protocol successfully reduced the size of the file (step 1.1.6) and preserved object geometry, although other softwares may also be effective to achieve this. Second, each anatomic site has specific design criteria to consider for effective gripping. For the design of the supraspinatus tendon fixture, it is critical to: (i) secure the humeral head to prevent growth plate failure (step 1.2.1.121), (ii) define a clearance fit that avoids disengaging of the humerus bone from the mold during testing (step 1.2.1.12.11.2) and (iii) orient the humerus bone to form a 180° angle with the long axis of the tendon (step 1.2.1.7). For the Achilles tendon fixture design, it is critical to: (i) define a clearance fit that grips the small calcaneus bone without slipping out from the fixture during testing and (ii) orient the calcaneus bone to form a 120° angle (30° plantar flexion) with the long axis of the tendon. Third, accurate measurement of the tendon cross-sectional area (step 2.1.2) is critical to properly calculate engineering stress for determination of material properties. To measure the cross-sectional area of the supraspinatus tendon, we recommend microcomputed tomography scans of the bone-tendon-muscle specimen suspended in a cryotube with a flat bottom, with the bone held upside down in the tube with agarose. Only the humerus bone should be inserted into the agarose gel, while the humeral head with the tendon and muscle attached should be scanned in air. As the supraspinatus tendon has a splayed geometry as it inserts into the bone, the most consistent way to measure the cross-sectional area is to determine the minimum cross-sectional area along the length of the tendon. A similar procedure should be followed to measure the cross-sectional area of the Achilles tendon. For the Achilles tendon, high resolution microcomputed tomography scans reveal two distinct tissues: the tendon proper and the surrounding sheath, which appears as a lighter shade. To consistently estimate the minimal cross-sectional area for the Achilles tendon, only the tendon proper should be selected for measurement (Figure 5). Lastly, the grips are reusable and small variations from sample to sample do not affect their effectiveness. Each bone should be scanned once (e.g., for the current study, left humerus, right humerus, and calcaneus) and one 3D model should be created for each bone. In addition, for animals of the same age, the bone geometry is nearly identical, thus the same fixture can be used for testing of all specimens. In this manuscript, 3D printed fixtures specific to 8-week old mice (skeletally mature adult mice) were used to test tendons. It was not necessary to create separate male and female fixtures. For other age groups (e.g., 4-week old mice) or mice with unique bone phenotypes, it is recommended that fixtures that fit the particular geometries of the bones are manufactured.

After design and 3D printing of the fixtures, to ensure reproducibility and efficiency of the approach, 10 tendon samples from mice of the same background, age, and sex of the planned study should typically be tested (the exact sample size may vary depending on the tissue and animal model). The mechanical properties of these tendons should be determined to ensure that coefficients of variation for structural and material properties are within the expected range, as described in Table 1 and Table 2. These pilot tests should also confirm that artifactual failures (e.g., growth plate failure) do not occur. Multiple cycles of design, prototyping, and validation may be needed to achieve the desired results for tendons other than the supraspinatus and Achilles tendons described in the current paper. 

[bookmark: _GoBack]A number of groups have reported the mechanical properties of murine tendons. The coefficient of variations in these studies are typically high, often making it difficult to pick up differences among the comparison groups. Furthermore, methodological differences in tissue gripping among the various studies makes it difficult to determine whether failure properties are relevant to tendon or due to artifactual grip failures. To compare the new testing methods with existing methodologies, a literature review was performed and the results from 20 studies were summarized (Table 1 and Table 2). In the literature, fFor supraspinatus tendon mechanical testing, the average coefficients of variation for maximum force, stiffness, maximum stress, and modulus were 27%, 39%, 52%, and 45%, respectively. For Achilles tendon mechanical testing, the average coefficients of variation for maximum force, stiffness, maximum stress, and modulus were 2314%, 2214%, 242%, and 252%, respectively. In the current study, the new method for testing murine tendons resulted in a 3227%–6352% reduction of supraspinatus tendon coefficients of variation and 6%–39% reduction in Achilles tendon coefficients of variation. 

There is no current standard methodology for gripping bones, thus it is unclear to what extent artifactual gripping issues has affected reported mechanical properties of murine tendons. Most groups report gripping the humerus bone by using epoxy resin13, polymethylmethacrylate (PMMA)14,15, or cyanoacrylate16 and securing the humeral head by applying a second coating of PMMA14, using custom fixture39 and/or inserting a paper clip25,28,30. Similarly, other groups report gripping of the much smaller calcaneus bone using custom-made fixtures19,20, anchoring by clamps21, fixing in self curing plastic cement22 or using a conical shape slot22. However, these methods remain limited by low reproducibility, high artifactual failure rates, and time-consuming preparation requirements. The new methods presented in this study have eliminated artifactual grip failures and have tripled the number of specimens that can be tested in a day. Furthermore, these methods are not limited to the supraspinatus and Achilles tendons, as they are easily adapted to testing other murine tendons and tendons from larger animal models. To test tendons from larger animals, however, the modulus of the 3D printed fixture material must be high enough that it is not compliant relative to the strength of the tendon being tested.

Several studies have shown sex-based differences in tendon disorders indicating that women have reduced function following treatment after tendon injury40–42. In the current study, sex had a significant effect on the mechanical properties of murine tendons. As guided by the National Institutes of Health (NIH), we recommend accounting for sex as a biological variable in the research design of animal models where tendon mechanical properties will be measured. There are sex-based differences in tendon disorders, with several studies indicating that women have reduced function following treatment after tendon injury40–42.
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