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Abstract 

 Long bone defects can cause complex challenges to both doctor and patient. Current 

clinical strategies for treating patients with long bone segment defects are very poor. Sensate 

implantable biomimetic polybutylene terephthalte(PBT) scaffolds develop faster and more 

complete bone ingrowth than simple porous scaffolds with the same pore size and overall 

porosity. They have provided the opportunity to monitor healing and could be used to study 

regeneration of bone in defects. Previous studies have successfully created small sensate 

scaffolds for canine femoral condylar resurfacing in the stifle joint (the knee). The shape and size 

of these scaffolds could be modified to act as bone supporting scaffolds for larger segment bone 

regeneration. Sensors on these scaffolds could be used to determine loading and detect healing as 

bone ingrowth occurred. 

 A biomimetic scaffold was wired and loaded to 250 N. The stiffness of this porous 

segmental replacement scaffold was found to be lower than the modulus of the material. A sheep 

bone was wired and loaded with compression to 250 N, and with cantilever bending to 50 N. The 

stiffness was found to be similar to previously reported stiffness for sheepfemora. Limitations to 

the study include the irregular size, shape, and composition of the sheep bone, as well as 

differences in loading compared to a human bone.  
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Introduction and Literature Review 

 Segmental defects represent an enormous surgical, socioeconomic, and research 

challenge and greatly impact a patient’s quality of life [1]. Critical sized bone defects (CSBD) 

are defined as defects too large to heal during the lifetime of the organism [2]. The size for a 

human CSBD of the femur is greater than 6-10.5 mm [3]. Gosain et al described a CSBD as a 

defect that has less than ten percent regeneration during the lifetime of the animal. If a defect has 

not reached ten percent regeneration in one year, then regeneration is not likely to occur. If left 

untreated, one possible outcome is for a long bone defect to eventually be replaced by fibrous 

connective tissue instead of normal bone tissue [4]. This non-normative tissue can be detrimental 

to a patient’s health by causing pain, a decrease in mobility, and an increase in future injuries. 

Defects in long bones, especially in the leg can happen for a number of reasons. Two of the main 

causes include osteosarcoma and trauma. 

  Osteosarcoma is a malignant bone cancer that usually develops during adolescence due to 

a period of rapid growth. The average age of diagnosis is 15. Common places of occurrence are 

long bones such as the humerus and femur. Treatment usually involves chemotherapy and 

surgery on the afflicted limb, which can be either limb salvage or amputation. As better 

diagnostic tools have become available, long term survival has increased [5]. According to 

Ottaviani et al., 85% of patients elect to have limb salvage surgery which typically involves 

endoprosthesis, allografts, or reconstruction [6]. Repairing such a defect with a porous scaffold 

that can be used to regenerate bone could offer another option to surgeons in the treatment of this 

disease. 

 Another major cause of a segmental bone defect is trauma. This can result from war 

injuries, accidents, or prolonged weakening of long bones because of osteoporosis. All of these 

can either directly produce segment loss or result in fractures, which can lead to bone loss, and 

result in a large gap in the structure of a long bone. In such situations, surgeons must quickly 

assess the options available. While limb salvage may seem like the best option to the patient, it 

requires multiple surgeries and can leave a person disabled, and it can be very costly[7]. The 

options available to patients largely depend on the patient and associated risk factors.  If limb 

salvage is considered, one option is to fill the defect with a graft, implant, or scaffold. 
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  Current clinical strategies for treating patients with long bone segmental defects are poor. 

Allografts combined with metal implants, which provide alignment and fixation often fail and in 

many cases amputation is the final outcome. There are many additional techniques currently 

being evaluated as potential options for correction of long bone defects. One option is the use of 

composite scaffolds. Many different types of composite can be used to create a scaffold for bone 

regeneration. This includes bioresorbable materials such as polycaprolactone (PCL). This 

substance is chosen because of its low inflammatory and immunological responses. Using such a 

composite also allows the production of custom made porous scaffolds that can fit to the 

patient’s individual needs. A major limit that exists in using composite and non-biological 

scaffolds is that they are not typically osteoconductive or osteoinductive in nature and generally 

resorb too quickly allowing insufficient time for complete healing. 

 Defects filled with a PCL scaffold showed less bone regeneration than did a defect filled 

with bone autograft in an ovine model [1]. The study suggests the addition of bone 

morphogenetic proteins to provide a biologically active stimulus for bone regeneration when a 

scaffold is used. Another composite commonly used is hydroxyapatite, a synthetic form of the 

apatite found in bone. When used in combination with recombinant human osteogenic protein-1, 

bone formation in defects of ovine femurs was similar to that noted when bone autograft was 

used [8]. The drawback to the use of hydroxyapatite is its high modulus in combination with its 

lack of resorption.  Composites may also be combined with stem cells to produce a bone-like 

tissue, which can then be used to fill the defect. Silk based products, when used as a scaffold for 

such an implant in mice showed more complete bone ingrowth than was noted when scaffolds 

were used alone [9]. 

 Another option under consideration is using periosteal tissue to supplement bone ingrowth. 

Periosteal tissue contains stem cells capable of regenerating bone tissue while providing the 

defect with a vascular supply. In one study defects were created in ovine bones and packed with 

bone autograft and compared to controls with no autograft [10]. In another study, periosteum was 

used to support bone regeneration both with and without grafts. Interestingly, in both studies the 

investigators concluded that a periosteum covering with small bone chips used as an autograft 

but without packing the chips in the defect produced the best regeneration [11]. While this is a 

potential option for regenerating bone, periosteal tissue is not always available for use, especially 
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in cases of severe trauma. In many studies intramedullary nails are used to provide temporary 

support while the bone heals. In another study, an induced membrane technique utilizing small 

flaps of periosteum was used on patients with fractures of long bones. Ten percent of the 

procedures failed and the limbs had to be amputated due to infection [12]. In addition the size of 

these flaps limits their use to small bone defects [13]. 

 Recent studies have shown that sensate implantable biomimetic polybutylene 

terephthalate(PBT) scaffolds develop faster and more complete bone ingrowth than simple 

porous scaffolds with the same pore size and overall porosity [14]. These scaffolds have 

provided the opportunity to monitor healing, since sensors attached to the scaffolds detect loads 

more completely as bone ingrowth into the scaffolds increases. This approach to monitoring 

healing could be used to study healing of long bone segment defects. Previous studies have 

successfully created small sensate scaffolds using polybutylene terephthalate (PBT) for canine 

femoral condylar resurfacing in the stifle joint (the knee) [15]. Scaffolds of PBT in contact with 

cartilage, metal, and silicon showed no difference in strain gauge sensitivity and indicate the 

ability of the scaffold to be calibrated and used to monitor load in various conditions [16]. The 

shape and size of these scaffolds could be modified to act as bone supporting scaffolds for large 

segment bone regeneration. Sensors such as strain gauges on these scaffolds could be used to 

determine loading and detect healing as bone in growth occurred.  

 The model used for this study was the ovine femur. Sheep are often used for orthopaedic 

research, and the percentage of sheep used in such studies has increased in recent years [17].This 

model was chosen specifically because of its large size and the similarity of anatomy of its bones 

to human cortical bone. In a study done by Hillier and Bell, the structure of sheep bone was 

found to be similar in structure to the Haversian structure of human bone [18].  

In this study, the scaffold was designed and built so that a metal intramedullary nail would be 

used to stabilize the structure and provide support to the entire length of the bone. In the past 

stainless steel nails were used for fracture fixation, but recent studies suggest titanium alloy nails 

show a decrease in inflammation and failure of the nail [19]. While the use of an intramedullary 

device will facilitate placement of a scaffold, it is also preferred over an external fixation device 

because of shorter healing periods due to a decrease in infections [1]. Proximal and distal locking 
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devices are used to prevent the rod from twisting and becoming misaligned. Figure 1 shows the 

insertion of an intramedullary nail. 

 

 

 

 

  

 

 

Figure 1 Placement of an intramedullary nail 

Study Goal 

 The goal of this study is to design and develop a sensor pattern for strain gauges attached 

to a scaffold that will effectively provide loading information about ingrowth into long segment 

scaffolds and to develop a procedure to calibrate the sensors. As part of this study, sensors to 

measure axial loading of a scaffold will be calibrated and used to evaluate loading of a scaffold 

to load levels seen in the femur of a sheep. If this type of sensate scaffold could be developed to 

grow and monitor long bone segments for patients who have lost large segments of bone due to 

trauma or cancer, it would provide in situ measurements to clinicians attempting to understand 

bone growth and treat these devastating problems.  

Overall Approach 

 In this study, premade 120 and 1000 ohm strain gauges were used to measure strain when 

load was applied using a ramp loading cycle to either a scaffold or an intact ovine femoral 

segment of the same size. Strain gauges can either be attached directly to measure strain in one 

direction or formed into a rosette pattern to measure strain in multiple directions and determine 

principal strain directions. Principal strain determination is especially important since long bones 
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often experience torsional and bending loads as well as axial compression. An example of a 

rosette pattern is shown in Figure 2.   

 

Figure 2. Rosette-patterned strain gauges. 

Methods and Materials 

Wiring of Strain Gauges 

 All gauges were first trimmed to allow accurate alignment in the rosette pattern. One 

rosette was attached to silicon using Masterbond, and another was placed on top at a 45° degree 

angle. After drying overnight, the third gauge was added on top and again allowed to dry 

overnight. A six wire cable was stripped and the ends of the wires were soldered after trimming 

them to one millimeter on both ends of the cable. The wires were then attached in the pattern 

shown in Figure 3.  

 

Figure 3. Wired rosette strain gauges 

All wired gauges were checked to verify their resistance using a volt-ohm meter (VOM). They 

were then coated with Masterbond and allowed to dry overnight. A second coating of 
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Masterbond ensured all wires and gauges were securely attached to each other. The other ends of 

the wires were soldered to a 9-pin connector (Figure 4). 

 

       Figure 4 Rosette attached to connector. 

Scaffold Axial Compression 

An ovine femur was sliced into sections and scanned using Scanco µCT (Scanco Medical 

AG, Basserdorf, Switzerland). Using the scanned images a scaffold was designed to replace a 

section of bone using Solidworks.  Scaffolds were made using a Stratasys 1650 Fused Deposition 

Modeler (Stratasys, Eden Prairie, MN) which is a Rapid Prototyping (RP) machine. The inside of 

the scaffold was hollow simulating the endosteal canal in the femur. This will allow an 

intramedullary nail to be used during surgery. Sides of the scaffold were designed to replicate the 

normal diaphysis of the bone. After scaffolds were made, they were soaked in toluene for one 

hour to remove the support filling the middle ‘intramedullary’ region. Premade 120 Ω rosette 

gauges were wired and coated with Masterbond, and dried for 24 hours. They were then attached 

to the scaffold aligned along the long axis using MasterBond and again allowed it to dry for 24 

hours. Prefabricated rosette gauges were chosen as they are the most accurate in providing 

information about principal loads. 

A Materials Testing System (MTS) was used to apply loads and measure the loads placed 

on scaffolds in the axial direction. Scaffolds were placed in the MTS and preconditioned to 150 

N using five loading cycles. Figure 5 shows the test set up on the MTS. Scaffolds were loaded up 

to 250 N based on physiological loading of the ovine femur. Each scaffold was loaded ten times 

and the measurements were recorded.  
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Figure 5: Set up of scaffold on MTS. 

 Axial Compression Testing 

 Six 1000 ohm strain gauges were wired and coated with Master bond in two rosette 

patterns. An ovine femur from the same sheep used to create the scaffold was surface sanded in 

preparation for gauge attachment. The approximate area of scaffold placement was determined 

and one rosette was placed on either end of the section. The gauges were attached using M Bond 

200 following a published protocol and allowed to set overnight [20]. The bone was potted so 

that it was aligned vertically. Figure 6 shows the set up on the MTS. The bone was loaded up to 

250 N based on physiological loading of the ovine femur ten times and measurements were 

recorded. After testing the bone was removed from the pot and stored in a -80° C freezer in the 

event further measurements or analysis was to be carried out. 
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Figure 6 Axial bone compression. 

Cantilever Bend Testing 

The same bone was again potted in the vertical direction but was attached to the MTS so that it 

was oriented horizontally. It was loaded to 50 N on the MTS in the horizontal position. Figure 7 

shows the set up on the MTS. The bone was loaded ten times and the measurements were 

recorded.   

 

Figure 7 Cantilever bone compression 
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Results 

Scaffold Axial Compression 

Figure 8 shows the time course during the loading. Scaffolds were loaded up to 250 N and were 

able to withstand loading for ten cycles. 

 

Figure 8. Scaffold was loaded to 250 N. 

 The area of the scaffold, 0.000936 m
2
 was found using the formula for an ellipse, A = 

πAB.  The load was calculated by multiplying the load measured by the load cell on the MTS by 

the gravitational constant, 9.8 m/s
2
. Stress was plotted against strain. Figure 9 shows an example 

of one stress-strain curve. The plot was linear. The stiffness of this porous segment was 2.40 

GPa, which as expected was lower than the bulk modulus of PBT, 2.7 GPa [21]. The maximum 

stress sustained was -0.26 MPa ( negative sign implies compression). 
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Figure 9. Stress vs. Strain. 

Bone Axial Compression 

 Figure 10 shows the time course during the loading. The bone was loaded up to 250 N 

and was able to withstand loading for ten cycles.  

 

Figure 10 Bone was loaded to 250 N. 

 The proximal rosette, closest to the site of loading, exhibited higher strain values in the 

axial direction, shown in Figure 11 as RG, or red-green wire. The other two gauges exhibited 
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lower strain values, represented in Figure 11 as BY, blue-yellow wire and BW, black-white wire. 

The distal rosette also exhibited higher strain values in the axial direction and showed similar 

strain values at the 45° angle gauges, as shown in Figure 12. The maximum strain observed in 

the axial direction for the proximal rosette was 5.09 x 10
-5

, while the maximum strain observed 

for the distal rosette was 4.47 x 10
-5

. 

 

Figure 11 Strain values during loading. 

 

Figure 12 Strain values during loading. 



14 

 

 Stress was calculated using the formula σ = F/A, where F= Load and A=Area. Area was 

calculated as the area of the bone where the gauge was placed; 157.42 mm
2 

and 217.7 mm
2
 for 

the proximal and distal gauges respectively. Figure 13 shows the stress sustained during loading 

for the proximal rosette, and Figure 14 shows the stress for the distal rosette. The maximum 

stress sustained for the proximal rosette was 1.2 MPa, and 0.8 MPa for the distal rosette. 

 

Figure 13 Stress during loading. 

 

Figure 14 Stress during loading. 
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Stress was plotted against strain. Figure 15 and 16 show the stress-strain curves for the proximal 

and distal rosettes respectively. The plots were both linear. The compressive stiffness was 20 GPa 

for the proximal and distal rosette. 

 

Figure 15 Stress-strain curve. 

 

Figure 16 Stress-strain curve. 
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 Cantilever Bend Testing 

 Figure 10 shows the time course during the loading. The bone was loaded up to 50 N and 

was able to withstand loading for ten cycles. 

 

Figure 17 Bone was loaded to 50 N. 

The proximal rosette, closest to the site of loading, exhibited higher strain values in the direction 

parallel to the neutral axis, shown in Figure 18 as RG, or red-green wire. The other two gauges 

exhibited lower strain values, represented in Figure 18 as BY, blue-yellow wire and BW, black-

white wire. The BW gauge appeared to malfunction and did not measure strain accurately. The 

distal rosette also exhibited higher strain values and showed similar strain values at the 45° angle 

gauges, as shown in Figure 19, except the BW gauge was working properly. The maximum strain 

observed for the proximal rosette was 9.99 X 10
-4

, while the maximum strain observed for the 

distal rosette was 7.99 x 10
-5

. 
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Figure 18 Strain during loading. 

 

Figure 19 Strain during loading. 

Stress was calculated using the formula σ = Mc/I, where M= Load*length from the point of 

loading to the gauge, c = distance from the neutral axis to the gauge, and I = the 2
nd

 moment of 

Inertia for an ellipse, or I = 0.25πab
3
.  Figure 20 shows the stress sustained during loading for the 

proximal rosette, and Figure 21 shows the stress for the distal rosette. The maximum stress 

sustained for the proximal rosette was -2.18 MPa, and -3.76 MPa for the distal rosette. 
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.Figure 20 Stress during loading. 

 

Figure 21 Stress during loading. 

Stress was plotted against strain. Figure 22 and 23 show the stress-strain curves for the proximal 

and distal rosettes respectively. The plots were both linear. The bending stiffness was 30 GPa for 

the proximal rosette and 40 MPa for the distal rosette. 
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Figure 22 Stress-strain curve 

 

Figure 23 Stress-strain curve. 
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Discussion 

 Scaffold Testing 

 Scaffolds were able to withstand loading throughout the testing process. However, only 

two gauges, at 45º angles from the mid line provided measurements. The middle gauge was not 

functional. While the stiffness was lower than the bulk modulus of PBT as expected, the stiffness 

represents the characteristic of a porous scaffold. Future tests will be done to establish a 

calibration curve for principal strain measurement.  Further tests will be carried out using the 

1000 Ω gauges. This will require making rosettes. However, it will allow determination of the 

principal stresses. Problems were encountered in obtaining an accurate measurement because the 

scaffold bottom was not absolutely flat. This was noted when one gauge reported higher loads 

than the other, and the scaffold was noted to tilt and move during loading. Further designs to 

ensure a flat bottom surface will be required in order to obtain accurate measurements during 

load testing. 

 Bone Testing 

 Axial compression testing was chosen as this is similar to physiological loading 

conditions [22]. Bend testing was also done to simulate normal loading. For the compression 

tests, the deformation of the bone observed from strain was similar at both measurement sites, as 

were the stresses. The amount of stress did not significantly decrease, nor did the stiffness of the 

bone from proximal to distal. The stiffness was considered normative for sheep femur, which had 

been previously identified  experimentally as 2 x10
4
 MPa [23]. For the bending tests, the strain 

remained mostly unchanged but the stress increased from proximal to distal. This may be due to 

an increase in the length from the gauge to the applied force, and the size of the bone, as these 

are the two variables that change in the equation σ = Mc/I. The stiffness also increased from 

proximal to distal.  

 There were a few limitations that occurred during this study. Load testing without a live 

subject does not allow simulation of in vivo conditions [24]. For example, there is no vascular 

supply to the bone that would normally help produce healing in vivo. While the sheep may have 

a similar bone structure to a human’s, its bone has a different shape and will be formed 

differently due to quadruped instead of biped locomotion. This model represents a way to test 
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whether a biomimietic scaffold can be created and fit to fill a defect in long bones, and withstand 

normal physiological conditions. Also, due to the irregular size and composition of bone, 

measurement of stress and stiffness at all points would be time consuming and may be better 

done using analytical modeling. Although the scaffold was used to calculate area, which was 

based on a µCT scan of the bone, the measurements will be similar but not identical. At best, 

these results represent a 1
st
 approximation. 

 The successful creation of a scaffold that is biomimetic in nature is essential to producing 

an implant that could promote bone ingrowth. These scaffolds were found to be able to withstand 

the physiological loads placed on a femur. The next goal will be able to test scaffolds in the 

cadaver bone of a sheep to determine how effectively the sensors function in situ. This type of 

material could also be used to create a biomimetic scaffold for patients with long bone defects. In 

conjunction with the use of an intramedullary nail, these types of scaffolds have the potential for 

use as an approach that leads to bone regeneration. 
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