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ABSTRACT 

 Identification of potential failure mechanisms is key for any material whether the 

application is in the medical industry or pertains to matters of national security. In order to reveal 

the failure mechanisms, tests must be conducted in a safe, accurate and consistent manner. In this 

work, we utilized in-situ 3D Digital Image Correlation (3D-DIC) to study implant performance 

and deformation under simulated motion as well as track gap displacement of the 1st 

tarsometatarsal (TMT) joint following surgical intervention for locking plate and nitinol staples 

using innovative anthropomorphic bend test setups. The focus is divided into two phases.  

The first phase is the characterization of bone-implant behavior using a PCF sawbone 

model. PCF sawbone is readily available polyurethane foam that can mimic cancellous bone 

density and be machined to have the same complex geometry of human bone. An asymmetric 

three-point bend setup was utilized along with 3D-DIC to study implant performance. A 

relationship was established between each implant’s performance and how plantar, towards the 

heel, the implant was placed. 

The second part of this thesis dealt with using cadaveric samples and inclusion of 

biological tissue. Cadaveric samples are critical due to their clinical relevance and understanding 

how variation in bone density can affect implant hardware. A modified cantilever bend setup was 

utilized alongside 3D-DIC to study both implant performance against bone density. Strain 

concentrations identified on the nitinol staple bridge indicated potential areas of failure in the 

pursuit of understanding the capacities of each implant under simulated early weight bearing.  

 Our results demonstrate that the locking plates are less affected by plantar location and 

provide more initial stability and resistance against gapping under load but are unable to recover 

compression throughout repetitive loading as seen with the nitinol staple technology. DIC 
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methodology combined with the innovative asymmetric bend tests could lead to a paradigm shift 

in materials used for implants and how implants are biomechanically tested for early weight 

bearing protocols.   
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M                  Bending Moment 

Medial         Towards the middle or center 
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Chapter 1: Introduction 

1.1 Background on Hallux Valgus 

 Hallux valgus, or bunion deformity, is one of the most common foot problems that 

patients present to foot and ankle specialists. Bunions occur in up to 35.7% of people over the 

age of 65 and 23% of people between the ages of 18 and 65 [1,34]. There are various grades of 

hallux valgus, beginning with mild cases where the HVA is 20 degrees and increasing to severe 

cases with a HVA of nearly 40 degrees [2]. In 2018 alone there were 430,002 bunionectomies 

performed and with an average price quote of $18,332 that would imply a financial burden of 

nearly $8 billion per year [3,34]. Even a conservative estimate of failure of arthrodesis, outcome 

studies indicated that up to 15% of Lapidus procedures result in non-union, leading to another 

64,000 revision procedures to address these non-unions [4,34] for an added cost of just over $1 

billion.  

Figure 1. Bone joint and segments labeled on a human right foot  
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Bunions typically occur due to constant pressure on the MTP joint, causing a 

misalignment of the bones in the big toe as well as the bone bump. This pressure has a myriad of 

sources, ranging from an imbalance in extrinsic and intrinsic foot muscles and ligamentous 

structures [5], poor gait mechanics, poor foot structure, excessive amount of time spent standing 

as well as poor fitting or narrow shoes. The bunion is characterized by the lateral deviation of the 

hallux or big toe at the MTP joint towards the other toes with an additional lateral deviation of 

the metatarsal at the TMT joint as seen in Figure 1.  

 The key to advancing the science of medical implants is performing biomechanical 

testing to understand implant performance and deformation at the bone-implant interface. 

However, anthropomorphic test setups are needed to provide better clinical insight when using 

sawbone or cadaveric samples to avoid nonunion. Sawbones have the benefit of being 

manufactured to consistent geometries and therefore are a more uniform and consistent sample 

[6]. On the other hand, cadaveric bone has the added benefit of cortical and cancellous bone 

interacting with biological tissue. This thesis is targeting that gap and aims to add to the wealth 

of knowledge in the field.  

1.2 Prior Work on Corrective Techniques 

 There are a myriad of medical procedures each with their respective associated hardware 

used in orthopedic procedures. The first corrective technique for hallux valgus was described in 

1871 and since then, well over 100 unique procedures have been detailed. Conservative 

techniques such as soft tissue procedures like the McBride or Smith Peterson intervention have 

been used in the past but due to risk of causing hallux varus, the pointing of the big toe away 

from the other toes, those procedures have ceased [7]. Osteotomies, such as the chevron [5] or 
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scarf [7] among others, are also conservative techniques as they are typically reserved for mild 

cases of hallux valgus. Although severe cases of hallux valgus may require more radical 

techniques utilizing fusion or fixation of the joint such as an arthroplasty or arthrodesis that 

incorporate hardware. However, the arthroplasty procedure has fallen out of favor due to lack of 

success in bone union but the arthrodesis procedure is still utilized especially for cases of hallux 

valgus with osteoarthritis [7].  

 The hardware selected can vary based on the patient’s medical history as well as the 

surgeon’s preference and experience. To determine the optimal corrective technique for each 

patient’s bunion, radiographs are taken of the patient’s feet to determine the IMA and HVA as 

shown in Figure 2. The IMA is determined by drawing lines that bisect the first metatarsal and 

second metatarsal. The HVA takes into account the line that bisects the proximal phalanx of the 

first ray and the line bisecting the base of the first metatarsal. The HVA and IMA have been 

identified through multiple studies to be the most reliable among the eight possible radiographic 

Figure 2. Using HVA and IMA to diagnose severity 
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measurements with respect to the ability to correctly evaluate hallux valgus [8, 9].  

  The hallux valgus correction procedure that we chose for this work is the Lapidus 

arthrodesis procedure, which was first described in 1934 by Paul W. Lapidus [10]. The Lapidus 

procedure is designed to solve metatarsocuneiform joint hypermobility and hallux valgus by 

realigning and fusing the 1st TMT joint [11]. The Lapidus arthrodesis has been shown to have 

low nonunion rates even as a corrective procedure  in patients [12] but variations of the procedure 

such as those that use an intermetatarsal screw have only been shown to be effective in cadaveric 

studies [13]. 

1.3  Scope of the Thesis  

 In this work, failure mechanisms of hallux valgus Lapidus arthrodesis implants will be 

investigated using DIC at room temperature in both sawbone and cadaver models. 

Anthropomorphic test setups combined with the in-situ optical measurement methodology allow 

for unique opportunities to study implant behavior in a simulated patient environment. The 

primary objective was to better understand the nitinol staple and locking plate implants in 

simulated motion otherwise known as early weight bearing, which is a significant contributor to 

failure. The secondary objective was to determine localized strain concentrations on implants 

and provide feedback on areas of concern. Parts of this work spanning from Chapter 1 to Chapter 

6 have been published in the following journal papers.  

[34] Shen VC, Bumgardner CH, Actis L, Ritz J, Park J, Li X. “3D Digital Image Correlation 

Evaluation of Arthrodesis Implants.” Clinical Biomechanics 71(1), 29-36. 2020. 

[41] Shen VC, Bumgardner CH, Actis L, Park J, Moyer D, May-Nikstaitis K, Li X. “In Situ 

Deformation of First Tarsometatarsal Arthrodesis Implants with Digital Image Correlation: A 
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Cadaveric Study.” The Minerals, Metals & Materials Society 74(9), 3357-3366. 2022. [Springer 

Nature] 

Chapter 2: Overview of Digital Image Correlation and Bend Testing  

2.1  Digital Image Correlation Overview 

 3D-DIC is an optical method that uses stereoscopic images to capture and track points on 

a material surface. Stereoscopic images are pictures taken by cameras at slightly different angles 

such that, when they are combined together, create a sense of depth. Unlike conventional strain 

gauge measurements, 3D-DIC is non-destructive technique that uses high resolution optical 

images with a random speckle pattern to quantify full field deformation and strain on the surface 

of a sample[14]. When coupling 3D-DIC with two high resolution digital CMOS cameras, out-

of-plane deformation can be measured with a resolution down to 1/20,000 th of camera-sample 

distance [15,34,41]. This enables DIC to capture quantitative measurements of strain 

distributions across the surface of bone, including local concentrations around implant sites and 

joints [16,17,18,19,34]. 

Figure 3. Example of parameters used for DIC capture and analysis 
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 In order to perform DIC, a 2D calibration target is used to define the geometric 

relationship between the cameras and the sample (i.e. the angles between the camera and 

distances between sample and cameras). A random speckle patterned is applied to provide 

images that can be correlated between a reference (unloaded sample) and a loaded sample. The 

correlation VIC-3D was used to compute the resultant full field deformation and strain maps of 

the sample during testing. Typically, the high-contrast pattern is established with a white 

background supplemented with black speckles. However, if the material surface has sufficient 

texturing or simply needs a speckling applied to an evenly colored surface, then the DIC will still 

be able to track displacement. One critical factor is that DIC needs sufficient directional lighting 

to prevent any reflection or shadow onto the material surface, which can be picked up by the 

cameras as oversaturated pixels and ultimately affect the quality in resultant 3D-DIC 

measurements.  

 In order to measure the region of interest, the two high-resolution cameras must be 

positioned in a way to have overlapping fields of coverage. Then the lens of each camera is 

focused onto the sample surface and tune the exposure time to optimize the contrast of the 

speckling on the sample. Next a calibration is performed through the VIC-3D software using a 

uniform grid with known distance between each speckle; in this work a 4mm grid was used, to 

determine the spatial relationship between the two high-resolution cameras. The overlapping 

spatial locations are identified on each 2D camera image, and the resultant 3D map is produced. 

Lastly, for each experiment, a base noise level is established using a set of images with no load 

applied to the sample to verify no artificial strain or displacement is being picked up by the high-

resolution cameras prior to the experiment beginning.   
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Once images are loaded into VIC-3D software, they can be analyzed using specific subset 

and step sizes. Subsets are important because they act as the grid window within the image for 

where the software is focusing the image analysis, and there must be enough speckles within 

each window to create a unique signature. Step size is important as it serves to tell the software 

how fine of a comb to use as it progresses through the subset. If the subset size is too small then 

the software will not be able to distinguish between other subsets and there will be a loss in DIC 

coverage on the material surface. However, if the subset size is too large then the computation 

time may increase unless the step size is also increased accordingly but that will decrease spatial 

resolution. Therefore, there is a constant back and forth between computational time and fullness 

of the 3D map.  

2.2  Bend Testing 

  Three-, four-point, and cantilever bend tests are commonly used due to their ability to 

replicate robust measurements. Three-point bend tests provide a more realistic distribution of 

internal loading than four-point bend tests but at the cost of potential indentation on the tissue of 

the sample during loading [20]. A review by Kubiak et al. found that biomechanical testing for 

locking plates has historically favored utilization of three-point bend tests [21]. However, recent 

studies have employed four-point bend tests when comparing implant performance of medial 

locking plates with a compression screw or crossed screws in cadaveric samples, as well as 

nitinol staples in sawbone blocks [22,23,24,34]. One key factor that affects which test is utilized 

is whether the geometry is consistent between samples.   

Chapter 3: Implant Evaluation Methodologies 

 Implant- and procedure-specific mechanical tests are performed to answer several 

questions such as how load configurations affect strain, joint gapping, and the implant 
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effectiveness. Another often weighed question is how evaluation differs when using an 

anatomically correct foot model juxtaposed against a simplified geometric model such as a foam 

block. Full-field 3D-DIC measurements are well suited to resolve strain fields across the 

complex geometry of bone specimens [34,41]. Several previous studies that conducted 

implant/bone loading tests used rectangular polyurethane foam blocks rather than anatomically 

correct versions of the bone. Although foam blocks are able to simulate cancellous bone and 

have uniform dimensions, for providing more surface area for the implant to purchase onto, it is 

important to recognize that regions of the first ray may be wider or narrower than what is 

expected in a specimen foam block. Therefore, uniform foam blocks cannot accurately represent 

the strain experienced by the curved/irregular bone, implant, or interface seen in cadaveric 

specimens [20,24,25,26,27,34]. Even within cadaveric samples, studies would isolate the specific 

joint by stripping all of the tissue which removes the inherent stability and excise the joint for 

implantation and subsequent testing [22,28,41]. 

 The recorded performance of the implants are somewhat restricted to the specific loading 

configuration of the specimens; namely, we suspect the commonly utilized three- or four-point 

bend configurations, intended for geometrically uniform specimens, are not an accurate method 

for bend testing of geometrically complex, biological specimens. We propose in this work an 

asymmetric, three-point bend testing protocol, which integrates the known loading modes and 

allows realistic deformation of the toe to better simulate in-vivo forces during weight bearing. 

Given the length of the 1st metatarsal from the heel and the proximity of the heel to the tibia, we 

believe that the forces imposed on the 1st TMT joint are better characterized using an asymmetric 

three-point bending fixture [29,34]. Asymmetric four-point bend fixtures have been attempted on 

polyurethane foams of varying densities, but the results were inconclusive with issues of 
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localized crushing leading to undesired failure modes in specimens [30,34]. In contrast, we 

anticipate that the asymmetric, three-point bend protocol will allow for a natural deformation of 

the toe, preventing crushing [34].  

 

3.1  Asymmetric Three Point Bend Testing 

 We note that this work is the first experimental study of toe deflection using 20 PCF solid 

rigid polyurethane bone specimens with various arthrodesis implants with realistic load 

configuration. Thus, our aim is to develop a fundamental understanding of the stress-strain state 

along with the first ray under these conditions and of the boundary conditions. In future studies, 

we expected that these conditions will elucidate the understanding of the material behavior and 

will eventually empower more accurate numerical and analytical approaches to account for the 

complexities in the model. For this fundamental experiment, the bone region from the toe tip to 

the heel was modeled in a simplified form as a cylindrical beam in which the beam deflection 

formula explains that the further away the point load is from the neutral axis, the larger the 

deflection and the resultant plantar gapping. Under the proposed asymmetric three-point load 

configuration, two points of loading are applied to the calcaneus and cuneiform bones to stabilize 

the toe. The third point of loading is applied to the plantar first metatarsal head where the 

sesamoids would be located (Figure 4c). Thus, the distribution of loads replicates actual loading 

of the toe to better simulate weight bearing forces [29,34].  
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Figure 4. Schematic of the a) locking plate and b) nitinol staples in how they would be subjected 

to the c) asymmetric three-point bend test for sawbone samples [34] 

 

 The proposed, asymmetric, three-point bend test is designed to replicate actual loading of 

the medial ray for more realistic and meaningful examination of implant devices like those in 

Figure 4a and 4b. The asymmetric load configuration represents a deviation from prior studies 
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[34]. To quantify the deformation and strain under various load configurations, a simplified 

experiment was conducted using aluminum rods as seen in Figure 5. 

  

  
Figure 5. Schematic of the asymmetric three-point bend validation test setup [34] 

 

 Three rods were notched to simulate joint gap displacement of the foot model relative to 

the stiffness of the beam and relative to the load configuration. This validation study was 

essential to justify the use of the asymmetric load configuration for the implant study. The 

purpose of the implant is to close the joint gap, but we needed to first understand how the load 

configuration itself impacted the gap displacement. From a beam-in-bending standpoint, we 

assumed the bending moment increased the further the loads are from the gap, thus increasing 

gap opening. From this validation study, we began to understand how the load configuration 

would affect gap opening and the local stress state at the gap. Again, we assumed this 

fundamental understanding may be translated to the foot-implant model even though the 

sawbone foot model had a lower stiffness. Since the elastic stress concentration factor is larger 

than 4, the fatigue stress is similar between unnotched and notched specimens [31,34]. Rods 
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were loaded in symmetric three-point and four-point configurations (Figure 6a, b) and in 

asymmetric three-point configurations to characterize the full-field deformation that is 

representative of the various types of biomechanical testing (Figure 6c–e) [34].  

 

 
Figure 6. 3D-DIC strain profiles of various aluminum rod validation tests. Symmetric (a) three-

point and (b) four-point bend tests were performed to validate strain measurements while 

asymmetric tests, with DFS values of (c) 20, (d) 51, and (e) 79 mm, illustrated the impact of 

asymmetric loading on gap opening displacement. [34] 

 

 Strains measured via DIC could be coupled with stress calculations to identify the 

modulus. Stress along any point of the rod may be described by 𝜎 =
𝑀(𝑥)𝑦

𝐼
  , where M(x) is the 

bending moment along the beam length “x”, y is the distance away from the neutral axis, and I is 

the moment of inertia. The moment of inertia of a rod is 𝐼 =  
𝜋𝑟4

4
 , where r is the radius of the 

rod. The maximum stress associated with bending will occur at the farthest point from the neutral 

axis, when y = r. Therefore, the bending moment must be calculated for a rod with a symmetric 

or asymmetric load configuration. It can be shown that the moment can be described by 

𝑀(𝑥 ≤ 𝐿) =
𝐹𝑥(𝐿+𝐹𝐷𝑆)

2𝐿+𝐷𝐹𝑆
  and 𝑀(𝑥 ≥ 𝐿) = 𝐹𝐿(1 −

𝑥

2𝐿+𝐷𝐹𝑆
), where F is the applied load, L is the 
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distance from the first to second load point, and DFS, or deviation from symmetry, is the 

distance from which the third load point is moved beyond a symmetric location of 2 L from the 

first load point (Figure 5). The testing was performed on an ADMET eXpert 2611 table-top 

universal testing machine up to a load of 3500 N. The 3D-DIC strain profiles demonstrated the 

Euler- Bernoulli linear strain profile across the cross-section of the aluminum bars, showing the 

transition from compression at the top to tension along the underside of the bar [32,34]. 

Subsequently, the strain data was analyzed to extrapolate the stress-strain behavior and the 

Young’s modulus, calculated as 69.7 GPa (with a standard deviation of 1.8 GPa), well within 

established literature value of 68.9 GPa [33,34]. During each test, the notch was monitored with 

DIC to track the opening and closing of the gap during loading and unloading; the relative effect 

on the displacement of the gap opening due to the load configuration could then be assessed. 

These configurations included the symmetric three-point and four-point bend arrangements as 

baseline tests (Figure 6a, b). To replicate the proposed asymmetric load configuration, four 

configurations were evaluated. In each of these asymmetric configurations, the first and second 

loading points were set 37mm apart (Figure 7a), based on the geometric spacing of the calcaneus 

and cuneiform bones of the foot model. The notch was located at 62mm to align with the 

location the joint between the cuneiform and first metatarsal. The third loading point was located 

at positions moving out from a point of symmetry; i.e., it was located at 37mm from the second 

load point plus some specified DFS value. We considered DFS values of 0, 20 (Figure 6c), 51 

(Figure 6d), and 79mm (Figure 6e). The DFS value of 51mm aligned the third load point in 

alignment with the plantar first metatarsal head, the site of actual loading on the toe; the other 

DFS values were selected to check the effect of variation from this location. The gap spacing 

displacement measured with a symmetric three- and four-point configuration was 0.074 and 
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0.065mm respectively. In contrast, the gap spacing displacement from the asymmetric 

configuration began at 0.02mm and increased to 0.09mm with increasing deviation from 

symmetry (Figure 7a, b). This trend reflects the increasing moment of bending experienced along 

this section of the beam due to the increasing moment arm. Furthermore, this trend also 

highlights the critical importance of modeling not just the specimen but also the load 

configuration after the actual conditions experienced by the foot. The gap opening displacement 

at the notch for the 51mm DFS location was 0.085, higher than the displacement in the 

symmetric load configuration tests, indicating that symmetric configurations may not expose the 

specimen to the full deformation and stress the actual bone experiences [34].  

 
Figure 7. Gap opening based on DFS distance. Values obtained from the DIC analysis. (a) 

Schematic of the load configuration of the validation tests on notched aluminum (b) The gap 

opening displacement plotted against DFS values. [34] 

 

3.2  Modified Cantilever Bend Testing 

 In this work we also propose a modified cantilever bend test where the load point is 

consistently applied to the sesamoids under the 1st metatarsal head rather than at the toe tip. In a 

simplified form, the foot can be modeled as a beam, in which the beam deflection formula 

explains that the further the point load is from the fixed end, the larger the deflection and 

resultant plantar gapping. The cantilever bend setup utilized the same underlying principles as 
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the asymmetric three-point bend setup from the sawbone phase and was better suited to account 

for the fixation of bone and soft tissue [34,41]. The fixed end of the cantilever encapsulated the 

ankle and the heel, while the first ray was the free end and the sesamoids were the primary point 

of contact for loading (Figure 8). The moment arm varied according to each cadaveric sample, 

but would generally be measured from the talus to the TMT joint.  

In order to specifically isolate the 1st TMT, a surgical cut was made across the 2nd 

through 5th rays mid-way through the metatarsals. A skin flap was excised above the first TMT 

to allow for removal of the peritoneal layer, hardware implantation through the arthrodesis 

procedure, and eventual speckling of the implant-bone surface. This allowed for an 

anthropomorphic loading while simulating weight-bearing forces. The tissue acted as natural 

boundary conditions to keep the joint constrained [41]. 

 
Figure 8. Modified cantilever bend setup for cadaveric samples [41] 
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Chapter 4: Overview of Hallux Valgus Lapidus Arthrodesis Technique 

4.1  Lapidus Arthrodesis Correction 

 The Lapidus procedure as mentioned earlier is a technique that realigns and fuses the 1st 

TMT joint using hardware and a period of non-weight bearing to allow for bone union. First, the 

joint was exposed, reduced, and fixated in preparation for hardware implantation. Pilot holes 

were drilled using guides associated with the respective implant hardware. Next, hardware was 

implanted to mimic a Lapidus procedure through simulated arthrodesis by a fellowship trained, 

Board Certified Orthopedic Foot and Ankle Surgeon [34,41].  

 
Figure 9. Isolation of 1st TMT through surgical removal of 2nd through 5th rays [41] 

4.2  Types of Implants Used 

Two types of implants were utilized in this work; a locking plate and lag screw 

combination construct as well as a dual nitinol staple construct. The locking plate has grown in 

popularity due to their ability to be “bridge” plates that span across the TMT joint space and due 
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to being manufactured out of stainless steel or titanium, have excellent biocompatibility and 

mechanical resistance to deformation. Nitinol staples are also growing in popularity as an 

implant for early weight bearing protocols due to their superelastic material properties and being 

able to adapt to gapping and resorption in vivo while maintaining excellent biocompatibility 

[23].  

During the Sawbone phase, the nitinol staples used a 4 leg EL-2520S4 staple that was 

inserted dorsally, and a 2 leg EL-1818S2 staple that was inserted medially across the TMT joint 

modeled in Figure 4b. For the lag screw and locking plate construct, a 4.0 cannulated screw was 

placed dorsally across the lateral half of the TMT joint, and a 4-hole dorsomedial T-plate was 

used to neutralize the lag screw modeled in Figure 4a [34]. 

 For the cadaveric phase, the same locking plate and lag screw combination was used, but 

the dual nitinol staple construct used two 2-legged staples. For the lag screw and locking plate 

system, a 4.0 cannulated screw was placed retrograde across the lateral half of the TMT joint 

from the metatarsal to the medial cuneiform, and a 4-hole dorsomedial T-plate was used to 

neutralize the lag screw modeled in Figure 10a. For the nitinol staple constructs, an EL-2020S2 

staple was inserted dorsally, and an EL-1818S2 staple was inserted medially, across the TMT 

joint modeled in Figure 10b [41]. 
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Figure 10. Schematic of a) locking plate hardware and b) nitinol staple hardware [41] 

4.3  Sample Preparation Protocol  

 The Sawbone phase represented a simulation of loading on the foot model and implants 

and makes two key improvements over recent works: (i) the use of an anatomically correct 

model of the foot and (ii) an asymmetric loading frame to simulate realistic loading of the foot. 

The implanted medial column constructs were loaded onto the Bruker Universal Mechanical 

Tester (UMT) (Figure 11) with a three-point bend setup; the talus and navicular region were 

immobilized by an O-ring clamp while the cuneiform was placed on top of a cylindrical roller. 

The load was applied to the plantar aspect of the 1st MTP joint via a mechanized arm to complete 

the three-point setup. Loading conditions were kept the same across each specimen, loading was 

cycled at a frequency of 0.66 cycles per minute using the preset speed rate of 0.01 mm/s of the 

Bruker UMT. Each cycle was loaded up to 50 N for 100 iterations based on maximum pressure 

values under the first TMT published by Luger in 1999 [34,35]. To prevent any major 
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differences in machine compliance, all tests were carried out in rapid succession and conducted 

at room temperature (~70 °F). The foot specimens were prepared for DIC with an applied 

speckle pattern using matte black and white paint. To collect in-situ, three-dimensional strain 

fields, two FLIR Grasshopper 3 GS3-U3-50S5M-C digital CMOS cameras were mounted on a 

horizontal beam atop a tripod and paired with 50mm Schneider lenses (Figure 11). The 50mm 

lenses were selected based on the desired field of view for each specimen and to ensure that a 

single speckle was composed of at least 3 pixels for sufficient oversampling and reduction of 

erroneous measurements. Baseline images without any load were taken to quantify system error 

and noise; an error magnitude of 10−5 mm/mm was observed consistently across all samples 

tested and note this error was more than two orders of magnitude below the strains measured 

during loading. During the testing, images were captured at a rate of 2 Hz. For the nitinol staple 

samples, the subset size and step size were 31 pixels and 9 pixels, respectively. The locking plate 

samples utilized a subset size and step size of 41 pixels and 11 pixels, respectively [34]. 
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Figure 11. Asymmetric bend test on the Bruker UMT with sawbone sample loaded [34] 

 For the cadaveric phase, after partial removal of the 2nd through 5th rays at the level of 

proximal metatarsal shafts as demonstrated in Figure 9, the implanted medial column constructs 

were loaded into the MTS 858 Bionix (Figure 8) in a cantilever bend setup. The calcaneus was 

removed, leaving the distal foot intact, including the talus and cuboid. All soft tissues were 

stripped to the level of the talus and cuboid to allow for maximum bone surface area to bond 

with the Fast Cast 709 resin (Goldenwest Manufacturing, Inc.) without covering the surgical site 

[36,41]. Transverse K-wires were then placed across the cuboid and talus to further enhance 

bony fixation for testing. The resin was cast into identically constructed boxes where two 3-cm-

wide holes were drilled to mount the cadaver specimen into the MTS. The mounted cadaver 

specimens were displaced cyclically to simulate the step-off phase of the walking cycle, with the 

load applied to the plantar aspect of the 1st MTP joint. The loading conditions were kept the same 
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across each specimen, and the loading was cycled up to 50 N for 100 iterations, based on 

maximum pressure values under the first TMT [35,41]. To prevent any major differences in 

machine compliance, all tests were carried out in rapid succession and conducted at room 

temperature [24,41]. The foot samples were prepared for DIC with an applied speckle pattern 

using matte black and white paint at least an hour before testing, in order to allow the paint to dry 

sufficiently without losing significant moisture in the bone to the atmosphere. Two FLIR 

Grasshopper 3 GS3-U3-50S5M-C digital CMOS cameras were mounted on a horizontal beam 

atop a tripod, and paired with 50mm Schneider lenses, so that 3D strain fields could be collected 

in situ (Figure 8). This specific lens was selected based on the desired field of view for each 

specimen, and to ensure that a single speckle was composed of at least 3 pixels for sufficient 

over-sampling and reduction of erroneous measurements. Baseline images without any load were 

taken and analyzed via commercial DIC software (VIC-3D; Correlated Solutions) to quantify 

system error and noise. An error magnitude of 10-5 mm/mm was observed consistently across all 

samples tested; we note that this error was more than two orders of magnitude below the strains 

measured during loading, indicating that the measurement error was insignificant relative to the 

measurement strains. During testing, images were captured at a rate of 4 Hz. For the nitinol 

staple samples, the subset size and step size were 51 pixels and 8 pixels, respectively. The 

locking plate samples utilized a subset size and step size of 53 pixels and 7 pixels, respectively 

[41]. 

Chapter 5: Failure Mechanisms of Hallux Valgus Implants  

 A common failure mode associated with implants is loss of fixation at the bone-implant 

interface from cyclical loading and motion. Locking plates suffer in particular from lag screw 

pullout, which is where the load and motion at the joint cause the screw to back out of the 
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implantation site. Now, with the addition of locking screws to assist in cumulative compression 

of the locking plate with the lag screw, Lapidus procedures have improved rates of union. 

Staples have been used in previous history but due to being constructed with pure titanium, the 

staples lacked the structural stability to maintain compression during loading events. As 

mentioned earlier, with SMA staples like nitinol there has been a return to favor for implantation 

during Lapidus procedures partially due to their markedly shorter installation period compared to 

locking plates. Malunion can also occur if the joint is not prepared properly or if the patient has 

specific vices such as smoking, unhealthy diet that can lead to weight gain [34,37].  

5.1  Localized Strain Regions 

 For the sawbone phase of this work, each type of implantation had three samples tested. 

All tests sustained the full 100 iterations of loading to 50 N and relaxation without any instances 

of catastrophic failure of either the implants or the bone substitute. For locking plate samples, the 

bone substitute experienced peak strains of 0.0302 and 0.0234 mm/mm near the plantar region of 

the TMT. The implant measured various maximum strains due to the difficulty of placing the 

hardware in the exact same location of each sample. Of the three samples, the peak strain found 

on the implant was 0.0139 and 0.0174 mm/mm in the εxx and εyy directions respectively. For the 

nitinol staple samples, the maximum strains of bone substitute were found to be 0.0198 and 

0.0134 mm/mm near the interface between the implant and the bone. However, the nitinol 

implants showed relative uniformity and measured 0.0062 and 0.0036 mm/mm in the εxx and εyy 

directions respectively (Figure 12). In both cases, the bone substitute experienced more of the 

deformation and strain, particularly around the implant-bone interface. The deformations 

observed with the locking plate regularly exceeded those when using the nitinol staples, 

indicating that the comparatively flexible design of the nitinol staple allows for a steady flex of 
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the joint. On the contrary, the locking plate resisted flexure, concentrating all deformation along 

the implant-bone interface. Over time, the deformation of the bone and implant experienced 

variability in the measurements, but none that indicated plastic deformation [34]. 

 

 
Figure 12. 3D-DIC strain map of sawbone implants after anthropomorphic loading [34] 

 The purpose of the cadaver phase of this work was to more closely simulate the early 

postoperative period, where the patient is enrolled in an early weight-bearing protocol. The 

modified foot structure also introduced a load profile consistent with more realistic loading of the 

foot. Resulting DIC strain profiles revealed a fairly homogenous profile along the bone and 

locking plate structures. Figure 13 shows that local tensile and compressive strain concentrations, 

up to magnitudes as high as 51%, were confined to the bone–implant interfaces, indicating that 

these local strain concentrations may be artificially increased by relative displacement of the 

interface itself rather than of the implant or bone. The DIC profiles indicated that the locking 

plate provided superior rigid support to secure the joint than the nitinol staples; this function was 

highlighted by the homogeneous distribution of low strain along the implant–bone interface. In 
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contrast, the nitinol staple allowed some flexure of the implants to accommodate motion of the 

foot, yet allowed for recovery of contact at the joint. The higher peak strains observed with the 

nitinol staples showed that the comparatively flexible design of the nitinol staple requires further 

investigation into whether those stress points are of concern or are still within the operational 

range of the nitinol material. Both implant constructs could be considered for arthrodesis patients 

enrolling in an early weightbearing protocol based on the average maximum gap sustained 

during cyclical loading [41]. 

 
Figure 13. 3D-DIC strain map of cadaveric samples after anthropomorphic loading [41] 

5.2  Measured Gapping at the 1st TMT 
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 Figure 14b presents the gap displacement over time, showing the gradual opening for 

each implant and individual test. Gap displacement was measured by DIC by tracking separation 

between two points of the bone on either side of the joint. A maximum gap opening of ~4mm 

was observed between the locking plate and nitinol staple constructs during testing. By the 100th 

cycle, the locking plate samples gapped an average of ~2.2mm while the nitinol staples gapped 

an averaged ~3.2mm under maximum load of 50 N. After loading was removed, marked by the 

120th cycle, the locking plate samples averaged ~0.8mm of residual gapping and the nitinol 

staple samples averaged ~0.3mm of residual gapping. This indicates that, while there is 

variability with initial gap displacement during loading, final plantar gapping is more 

reproducible. Another takeaway from this work was that there is a relationship between the 

implant location, the amount of gapping and strain measured at the 1st TMT joint. The proximity 

of the locking plate to the dorsal side of the toe allowed larger displacements and a smaller 

variation in bone strain was measured (Figure 14). On the contrary, more plantar insertion 

resulted in smaller gap distance with a larger variation in bone strain. A plantar fixation location 

has also been shown to decrease the presence of metalware. The reduction in metalware 

prominence inherently lowers the risk of related bursitis forming at the TMT joint  [38]. Locking 

Plate 2 (P2) is inserted more plantarly across the first TMT joint and exhibited the smallest gap 

displacement following testing while Locking Plate 1 (P1) and Locking Plate 3 (P3) were more 

dorsal relative to the cross screw and resulted in larger gap displacements. For the nitinol staples, 

more plantar placement of the EL-1818S2 across the TMT joint, seen in Nitinol Staple 1 (NS1), 

resulted in smaller gap displacement. EL-1818S2 was placed more dorsally, as for Nitinol Staple 

2 (NS2) and Nitinol Staple 3 (NS3) and experienced similar larger gap profiles. One difference is 

that the nitinol staple strain profiles in Figure 14 remained linear regardless of implant location. 
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Another note is that a linear negative strain measured in the x-direction of the nitinol staples 

indicates that the staple was able to apply and maintain constant compression of the joint across 

all cycles of testing [34]. 

 

Figure 14. Quantification of a) strain and b) TMT gap displacement measured during maximum 

load (50N) and residual gapping [34] 

Six matched-pair cadavers were tested for a total of 12 samples. The specific bone 

densities and implant assignments are given in Table I. Only one matched pair, Donor 1903280, 



38 

 

did not sustain the full 100 iterations of cyclic loading to 50N due to the poor bone quality. The 

displacement was measured via DIC by tracking separation between two points of the bone on 

either side of the TMT joint [41].  

 

Table I. Donor information for each cadaver purchased from MedCure [41] 

Donor # Age Sex BMD 

(LF/RF) 

g/cm2 

Max Gap 

(LF/RF) 

mm 

Max Exx 

strain 

(LF/RF) 

mm/mm 

Max Eyy 

strain 

(LF/RF) 

mm/mm 

Max Exy 

(LF/RF) 

mm/mm 

Implant 

(LF/RF) 

1902936 76 M 0.82/0.82 2.07/1.74 0.51/0.23 0.36/0.013 0.25/0.11 Staple/Plate 

1903123 72 M 1.07/1.04 1.78/0.77 0.02/0.02 0.01/0.04 0.006/0.002 Plate/Staple 

1903132 69 F 0.87/0.87 1.59/1.06 0.24/0.08 0.11/0.022 0.046/0.021 Staple/Plate 

1903134 47 M 1.0/0.89 1.03/0.32 0.09/0.24 0.018/0.22 0.015/0.008 Plate/Staple 

1903280 91 F 0.45/0.42 2.31/1.12 0.08/0.42 0.07/0.34 0.004/0.011 Plate/Staple 

1812148 67 M 0.91/0.92 3.90/3.18 0.04/0.03 0.03/0.015 0.028/0.004 Plate/Staple 

 

Maximum gap openings of 3.1 mm and 3.9 mm was observed for the locking plate and 

nitinol staple constructs, respectively, during testing. Traditionally, 3 mm has been used as the 

threshold displacement indicative of surgical construct failure. We quantified the differential 

recovery of both constructs in this work, using the dynamic capabilities of DIC technology, and 

found that the nitinol staple construct averaged 2.116 ± 0.893 mm of gapping under maximum 

load, while the locking plate construct averaged 1.367 ± 0.917 mm under maximum load. When 

comparing all nitinol staple constructs against the locking plate constructs, we did see a 

significant difference in gapping (P = 0.001). Further group comparisons between the left and 

right feet of male and female did not yield any significance differences (P = 0.077 and P = 0.45, 

respectively). By comparing the gender of the cadaveric samples, we did see a significant 
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difference during maximum load (P = 0.048). Figure 15 demonstrates the locking plate samples 

recovered to an average of 0.3898 ± 0.378 mm of residual gapping at the 1st TMT, while nitinol 

staple samples averaged 0.673 ± 0.546 mm. Once again, there was a significant difference in 

residual gapping between nitinol staple constructs against the locking plate constructs (P = 

0.044) [41].  

 
Figure 15. TMT gap displacement measured at final residual gapping 

Comparisons between left and right feet of male and females did not yield any 

significance difference in residual strain (P = 0.073 and P = 0.34, respectively). There also was a 

lack of a significant difference in performance during maximum load (P = 0.077) when strictly 

comparing gender. The results demonstrated that the locking plates provided better gap 

resistance under load across a range of bone densities. Figure 16 shows the correlation between 

bone density of the cadaveric samples and the measured gapping during loading. Repeated 

loading cycles strained the bone and TMT joint, weakened the interface between the bone and 

implant, and allowed the joint gap to enlarge, as shown in Figure 15. However, there were higher 
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regions of strain localized at the bridge and legs of the staple seen in Figures 17 and 20. In order 

to better understand the strain contours, Figure 18 included displacement in the X, Y, and Z 

directions. Figure 19 served as a representative plot of the distinct difference in the strain 

experienced between the nitinol staple and locking plate in Donor 1903132. Figures 20 and 21 

show a strain range of -0.05 to 0.05 mm/mm and reveal low-magnitude strain locations in the test 

samples [41].  

 

 
Figure 16. Correlation (R2 = 0.7378) between bone density and measured gap. [41] 
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Figure 17. Representative strain map (exx, eyy, exy) of Donor 1903132 against displacement in the 

Z plane at various time points ending in 50-N load of the 100th cycle (from left to right). The 

subimage dimensions are 50mm x 32mm. [41] 
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Figure 18. Displacement maps of (a) left foot and (b) right foot of six matched-pair donors, with 

randomized implant selection per foot. Each sample is shown at 50N of their last cycle. The 

subimage dimensions are 48mm x 30mm. [41] 

 
Figure 19. Strain measured at various time points in Donor 1903132 during a single loading 

cycle with nitinol staples and locking plate implant systems. [41] 
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Figure 10. Representative strain map (exx, eyy, exy) of Donor 1903132 against displacement in the 

Z plane in various time points at a smaller strain range to reveal small-magnitude strains. The 

subimage dimensions are 50mm x 32mm. [41] 
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Figure 11. DIC strain maps of (a) left foot and (b) right foot of six matched pairs of donors at a 

smaller strain range to reveal small-magnitude strains. [41] 

 

Chapter 6: Conclusions 

  In this work, the sawbone phase was the first to demonstrate the use of in-situ 3D-DIC to 

evaluate the performance of implant and bone substitutes during cyclical loading. Mechanical 

testing via the aluminum rod validation study yielded results analogous to traditional symmetric 

bend tests and can serve as a baseline for future studies that implement asymmetric bend. The 

use of an asymmetric bend test introduced a load profile that was more anthropomorphic. 

Cyclical load tests were completed with polyurethane foot models following a simulated 

arthrodesis using either a locking plate and lag screw system or dual nitinol staples. 3D-DIC 



45 

 

profiles revealed that nitinol staple implants had better strain distribution with minimal strain 

concentrations along the implant-bone interface, which was readily observed for locking plates. 

Nitinol staples also exhibited superior compressive ability even after all load was removed and 

had an average residual TMT joint gap displacement of 0.3mm compared to 0.8mm for the 

locking plate system. Plantar positioning of the implants showed marked improvement in 

reduction of gapping for both implant types when compared to a more medial or dorsal implant 

position. Tests showed that the locking plate’s proximity towards the dorsal side of the toe 

allowed for larger displacements and a smaller variation in bone strain. In contrast, a more 

plantar insertion of the implant resulted in a smaller gap distance with a larger variation in bone 

strain [34].  

 The cadaver phase further pushed the limits of 3D-DIC application in evaluating implant 

performance while operating within a new sample preparation methodology designed for the 

presence of biological tissue. Contrary to the sawbone phase, the locking plate constructs 

provided statistically superior performance during loading compared to the nitinol staple 

constructs. The resulting DIC profiles revealed that the locking plate distributed strain more 

effectively, reducing the magnitude of strain concentrations and gapping along the implant–bone 

interface compared to the nitinol staples [41]. The difference in strain profiles suggest bone 

density plays a larger role in the implant’s performance than what was previously understood.  

 With the innovative test setups detailed in this work, additional research is warranted to 

study the relationship between the implant location, bone density, and the amount of gapping and 

strain measured at the first TMT joint until hardware fracture. In order to reduce the financial 

burden from hallux valgus procedures, implants must have well established patient parameters 

(bone density, gender, weight) to allow for the highest chance of union at the 1st TMT joint. 
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While this work indicated that the locking plate represented a more appropriate implant for joint 

arthrodesis across a range of bone densities, the nitinol staples have patented delivery devices 

which allow for rapid insertion once the joint is provisionally reduced [39,40,41]. Locking plate 

systems require a more complex installation and take several minutes following joint alignment. 

The author hopes that this work will help spur the next push in development of improved implant 

technology as well as improve surgical understanding on how to best match each type of hallux 

valgus implant to patient specific criteria.    
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