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INTRODUCTION AND BACKGROUND 

Degenerative osteoarthritis is often considered a wear-and-tear arthritis associated with old age 

and is commonly treated with total hip arthroplasty (hip replacement). As Canadian society ages 

the demand for total hip arthroplasty is expected to increase dramatically in the coming years. It 

is therefore essential that progress and advancement continues in the field of orthopedics to 

improve total hip arthroplasty (THA) surgeries.  In 2010, there were over 31,000 THAs 

performed in Canada, a one-year increase of 3.6% from 2009 [1].  No projections exist for 

Canada, however in the United States, the demand for THAs is expected to nearly triple by the 

year 2030 [2].  Men account for 53% of the population of patients receiving THAs earlier in life 

(<75 years old) with the mean age for male patients receiving THAs being 67.3. However, 

women dominate the older populations receiving THAs. The mean age for female patients is 

72.5  and they are three times more likely than males to receive hip replacements above 85 

years old [1].  

Most modern total hip arthroplasties consist of a femoral stem designed to achieve a press-fit in 

the femoral canal following surgical preparation and implantation [3, 4]. The two predominant 

surgical techniques for preparing the femoral canal are compaction broaching and standard 

broaching. Compaction broaching involves the compaction of cancellous bone within the 

femoral shaft followed by the implantation of a femoral stem which is slightly larger than the 

prepared canal to achieve a press-fit. Standard broaching involves the removal of cancellous 

bone within the femoral shaft followed by stem implantation [5, 6].   

Initial stability of the femoral stem is achieved by the stress developed within the bone during 

implantation. Over time, bone in-growth or on-growth onto the femoral stem occurs thus 

increasing the stability of the prostheses and reducing the likelihood of aseptic loosening and 

need for a revision surgery [7, 8]. However, the stress of prosthetic implantation via press-fit can 

result in intraoperative fracture of the femur, complicating the procedure and threatening the 

long-term stability and survival of the prosthetic [9].  

Intraoperative femur fracture is a major complication for modern THAs. Femur fracture occurs in 

cemented THAs in 0.1-3.2% of cases. However, it is much more common in cementless (press-

fit) THAs, with an occurrence of 3.0-27.8% [10, 11]. Fractures decrease the intimate contact 

between the endosteal cancellous bone and the femoral stem which is necessary to achieve 

primary stability and bone in-growth or on-growth [7]. The occurrence of an intraoperative 

fracture and failure of bone in-growth into the femoral stem can lead to aseptic loosening, 

femoral stem instability, and greater bone fracture which are the first, fifth, and seventh most 

common reasons for hip revision surgery, respectively [1, 7]. The primary cause of 

intraoperative fracture may be due to the strain experienced by the femur to achieve a press-fit 

between the femoral stem and the bone [12]. Female sex and reduced bone density are the 

only statistically significant risk factors for intraoperative fracture; however, it has been 

suggested that increased age and co-morbidities may also increase risk [10].  

The most common location of intraoperative femur fracture is the calcar region on the medial 

side of the osteotomy line; however, some studies have also noted fracture in the diaphysis 

(shaft) of the femur and the greater trochanter.  Of the 21 intraoperative factures examined by 
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Mont et al., 19 fractures occurred in the medial or anteromedial calcar region and were 

described as hoop-stress fractures.  The other two fractures occurred in the greater trochanter 

[13]. Fitzgerald et al. described 40 fractures, all of which originated in the calcar region. Five 

fractures extended beyond the level of the lesser trochanter into the diaphysis of the femur, 

while the remaining 35 did not extend past the level of the lesser trochanter [14]. Williams et al. 

recently performed a retrospective study on 1075 THAs and reported that calcar fractures were 

noted in 106 (10%) of cases [15]. The findings of Schwartz et al. differ from the studies 

mentioned above. Of 39 fractures reported on, 22 fractures occurred distally in the diaphysis of 

the femur near the tip of the femoral stem. The remaining 17 fractures occurred in the calcar 

region [11]. It should be noted that Schwartz et al. used a femoral stem which extended 

considerably more into the medullary cavity than the other studies.   

Few studies have attempted to quantify the forces or strains on the femur during surgical 

implantation of the femoral stem during THA. The force and strain on the femur is a predictor of 

intraoperative fracture. Kold et al. compared the force required to fracture 20 cadaveric femurs 

using either compaction (n=10) or standard (n=10) broaches that were seated in the femur 

using a drop tower [12]. They began with an impact force of 3.0 kN which is representative of an 

impaction force produced by an orthopedic surgeon during surgical implantation. Broach sizes 

were increased until they ceased to progress into the femur on impact and impaction force was 

increased to a total of 8.0 kN. Significant findings in their study were the frequency of fracture 

and the force required to fracture. Compaction broached femurs fractured (9 of 10) more 

frequently than standard broached femurs (2 of 10). The force required to fracture femurs 

undergoing compaction broaching was significantly less than those undergoing standard 

broaching. Force to fracture for the compaction broaching group was 5.6 kN. Force to fracture 

for the standard broaching group was not given as only 2 fractures occurred [12]. No strain data 

was collected during this study. 

Elias et al. fixed 2 three-element rosette strain gauges to 14 cadaveric femurs undergoing 

standard broaching and femoral stem implantation. The two strain gauge rosettes were located 

just below the osteotomy line in the anteromedial and medial calcar region. All broaching and 

implantation was performed by an orthopedic surgeon and forces applied to the femur were 

recorded with each mallet blow. The peak forces applied to the femoral stem during implantation 

were recorded for six femurs and forces varied from 6.0 kN to 13.5 kN. Also of note was the 

wide variability of recorded strains during stem insertion. Peak strain at the medial strain gauge 

varied from -1320 µε (compression) to 2667 µε (tension). While the anteromedial strain gauges 

varied from -810 µε to 813 µε (n=14) [7].  

The present study seeks to compare the strains, forces, and energies experienced by cadaveric 

femurs undergoing either compaction or traditional broaching and femoral stem implantation. A 

drop tower was used to seat the femoral stems in a repeatable method and delivered impaction 

forces representative of those applied in the operating room. Strain gauges measured strain 

throughout femoral stem implantation at locations of common intra-operative fracture. To the 

author’s knowledge, this is the first study to compare compaction and standard broaching 

techniques with emphasis on quantifying forces and strains during femoral stem implantation.  
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MATERIALS AND METHODS 

Cadaveric Samples 

Four matched-pairs of fresh-frozen cadaveric femurs were procured from a non-profit research 

institute (Research for Life, Arizona, USA). Femurs from elderly female donors were sought as 

these individuals are representative of those receiving THAs whom are most susceptible to 

intra-operative fractures [1, 10]. Ultimately, 3 female pairs and 1 male pair were acquired. The 

donor’s age ranged from 64 – 89 years. All bones were free from obvious deformities, 

pathologies, and fractures. See Table 1 for donor demographics.  

In order to preserve the mechanical properties of the femurs between surgical preparation and 

testing, the femurs were wrapped in saline soaked cloths and frozen at -25°C, a process known 

to prevent mechanical degradation of bone [16, 17]. Prior to all tests, the femurs were defrosted 

overnight at 5°C  and were returned to the fridge between tests. In the ambient environment, 

desiccation of the bone was prevented by covering them with saline soaked cloths. Throughout 

testing, no femur spent more than 24 hours in the ambient environment, and no more than 72 

hours in the fridge. 

Surgical preparation 

Anteroposterior and mediolateral radiographs of all femurs were taken and templating was 

performed by an orthopedic surgeon to determine appropriate femoral stem size. Following 

templating, the bones were thawed and the femoral head and necks were removed. One bone 

from each pair was randomly assigned to the compaction broaching (Corail, DePuy 

Orthopaedics) group, its pair was assigned to the standard broaching (Trilock, DePuy 

Orthopaedics) group. A canal probe was inserted into each bone and broaching was completed 

using either a compaction or standard broaching set. The final broach size corresponded to the 

size of the femoral stem to be inserted. See Table 1 for femoral stem sizes used.  

Strain gauge attachment 

Six locations of interest were selected for strain gauge attachment based on areas of reported 

intraoperative fracture in previous studies [11, 13-15]. The two areas of focus for capturing 

strain data were the calcar region and regions immediately distal to the lesser trochanter which 

corresponded approximately with the distal tip of the femoral stem after insertion. Three strain 

gauge rosettes were attached to the anteromedial, medial, and posteromedial calcar region. 

They were located 5mm below and oriented parallel to the osteotomy line which is hypothesized 

to be the direction of hoop strain during femoral stem insertion [7]. The remaining three strain 

gauges were located 60° relative to each other around the circumference of the bone at medial, 

anterolateral, and posterolateral positions 5mm distal to the lesser trochanter. Each strain 

gauge rosette consisted of three independent strain gauges oriented +45°, 0°, and -45° relative 

to the short axis of the rosette. The 0° strain gauge was always oriented in the direction of 

hypothesized hoop strain. See Figure 1 for strain gauge locations. 

Strain gauge rosettes (model: KFH-3-350-D17-11L1M2S, Omega, Connecticut, USA ) were 

attached to the femur using a validated method [18]. First, all soft tissues were removed from 

the local area using a scalpel, then sanded with a coarse grit sand paper. Following this, the 

bone was degreased with acetone and iso-propanol for 30 seconds. The porous surface of the 
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bone was sealed with two coats of a PU-140 polyurethane sealant (HBM, Germany). The local 

area was then sanded smooth with a fine grit sand paper and the strain gauge rosette was 

attached with SG-496 strain gauge adhesive (Omega). Lastly, the strain gauge rosettes were 

protected against humidity with the application of three coats of PU-140 sealant. All strain data 

was recorded at 5Hz during testing using a cDAQ-9178 data acquisition unit (National 

Instruments, Texas, USA).  

Strain data 

Four metrics were analyzed for each impaction used to seat the femoral stem: 

 

 Peak hoop strain – highest strain on the femur during implantation  

 Strain energy retention – amount of energy absorbed by the bone from impaction 

 Peak force – the highest force achieved by the drop tower during implantation 

 Total potential energy – the total amount of energy supplied to seat the femoral stem 

 

See Figures 2 and 3 for a representation of a typical time-strain curve and strain-energy curve 

during impaction.  

 

Strain is a unitless measurement; however, it is often reported in units of in/in or mm/mm. Strain 

can be described as the percentage of deformation a material has undergone. It is calculated by 

dividing the change in length of a material by its original length. For example, if a 1 mm sample 

is stretched in tension to a length of 1.1 mm, the strain it has experienced could be represented 

as 0.1 mm/mm or simply 10% strain. Most rigid materials such as bone undergo little strain prior 

to fracture and thus strain measurements are typically reported as microstrain (µε). A 

measurement of 400 µε, for example, is equivalent to 400x10-6 mm/mm or 0.04% strain.  

As mentioned previously, rosette strain gauges consist of 3 independent strain gauges oriented 

+45°, 0°, and -45° with respect to the short axis of the rosette. Each independent gauge 

measures the percentage of deformation along its respective axis. Using these values, the 

principal strains can be calculated. The principal strains represent the maximum (typically 

tensile) and minimum (typically compressive) strain experienced within the area bound by the 

rosette. See Equation 1.0 for the determination of principal strains [19].   

The three gauge measurements can also be resolved along any local axis system. For this 

study, the strain on the femur occurring perpendicular to the long axis of the bone is the primary 

focus and is known as hoop strain. Strain measurements were resolved to determine the strain 

along the long axis (εy, or longitudinal) and short axis (εx, or hoop strain) of the rosette. See 

Equations 2.0-2.3 for the determination of longitudinal and hoop strain [20].       

The amount of energy absorbed in the region bound by a rosette strain gauge can be calculated 

from strain data. This metric is useful in evaluating how much energy was added to the local 

region with each impaction blow and how much of that energy dissipates afterwards. The units 

of strain energy for a planar rosette are N/m2 (pascal); however, it is best thought of as N*m/m3 

or J/m3 and thus can be interpreted as energy per unit volume.  
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The equation for strain energy utilizes the Poisson’s ratio and elastic modulus of bone, along 

with the principal strains calculated from the rosette strain readings. See Equation 3.0 for the 

strain energy equation [21]. A Poisson’s ratio of 0.6 was used for the present study, which 

agrees with the findings of Reilly and Burstein who found a circumferential Poisson’s ratio 

between 0.51 and 0.63 in their biomechanical tests [22]. Additionally, an elastic modulus of 17.0 

GPa was used, which agrees with the biomechanical findings of McAlister and Moyle who 

recorded values between 17-21 GPa [23]. However, the elastic modulus used in this study is 

conservative when compared to other studies which report values from 18-30 GPa and 19-21 

GPa [24, 25]. 

The metric for strain energy comparison of standard and compaction broached femurs used in 

this study is strain energy retention. This is a measurement of the amount of energy retained 

within a region of the bone following impaction. High strain energy retention indicates the bone 

is absorbing a high proportion of the energy supplied by the impaction blow. Whereas, low strain 

energy retention indicates the bone is divesting of the energy of impaction through the 

deformation of the bone, transferring energy to neighbouring areas, or fracturing of cancellous 

or cortical bone.  

Broaching and Implantation  

A drop tower was used to seat the femoral stems.  It consists of a 2.2 kg aluminum crosshead 

and polyurethane impactor that translates with little friction along two parallel steel shafts. See 

Figure 4.  The drop tower is able to simulate the impact of an orthopedic surgeon’s mallet blow 

while achieving a higher level of repeatability compared to that of a surgeon [12, 26]. Force data 

was captured with a 208C05 dynamic force sensor (PCB Piezotronics, New York, USA) and 

recorded at 5 Hz with a data acquisition unit. Force data was recorded during broaching by the 

orthopedic surgeon and during femoral stem implantation in the drop tower.   

Prior to femoral stem insertion, all femurs were measured 33 cm (13 in) down from the top of 

the greater trochanter and the distal portion was removed with a reciprocating bone saw. The 

femurs were then secured in a 7.62 cm (3 in) ABS pipe and potted with FastrayTM acrylic 

cement (Bosworth, Illinois, USA). The femurs were oriented using a custom-made jig to 0° in the 

coronal and sagittal planes to best ensure axial loading during insertion, thus reducing bending 

and torsional effects. The angle of orientation was confirmed with a digital protractor (SPI, 

California, USA ). Once the acrylic cement had set, the potted femurs were secured to the drop 

tower base. See Figure 5. 

Custom 3D printed parts were designed in SolidWorks (Dassault Systemes, Massachusetts, 

USA) computer aided design software to secure the femur, impaction rod, and force sensor. 

The potted femurs were constrained in a custom-designed cylinder that fixed the bone to the 

base of the drop tower to ensure axial loading during impaction. The impaction rod used to seat 

the femoral stem was held with a casing that also helped to promote axial loading. The casing 

was attached to the drop tower and the impaction rod was coated with a light-oil lubricant to 

reduce friction between the rod and its casing. The force sensor was secured to the top of the 

impaction rod via a custom casing that could be threaded into the impaction rod. The force 
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sensor was the first component to come in contact with the polyethylene impactor of the 

crosshead upon impaction blows. See Figure 6 for the 3D printed parts.  

An initial drop height of 10.2 cm (4 in) was selected to achieve a mean impaction force of 2586 

N (standard deviation, 153 N). The starting impaction force of 2586 N was selected to match the 

mean impaction force recorded for the final broaching size impacted by the orthopedic surgeon. 

This drop height provides an impaction force that agrees with the initial impaction force of Kold 

et al. (2005) of 2531 ± 647 N [26]. However, it is conservative when compared to other studies 

which began with initial impaction forces of 3017 ± 381 N and 9250 ± 1710 N [3, 12]. It should 

be noted that the latter study used biomimetic femurs which are typically more rigid than 

cadaveric femurs and thus require larger forces to seat prosthetics.  

The femoral stem was impacted at the initial drop height of 10.2 cm until no further motion into 

the femoral canal was noted by the surgeon. At this point, the cross-head was raised an 

additional 2.54 cm (1 in) and the stem was impacted again until movement into the canal 

ceased at which point the drop height was increased again by 2.54 cm. The entire process was 

observed by an orthopedic surgeon.  The stem was deemed to be fully seated when movement 

into the canal ceased and the surgeon verified translational and rotational stability of the 

prosthesis.     

Load to failure    

Following seating of the femoral stem, the femur was frozen at -25°C. Once testing had been 

completed on bones, they were thawed and impacted to fracture with strain and force data 

recorded. Similar to the impaction process, the femurs were constrained in the drop tower and 

aligned to favour axial loading and reduce bending and torsional forces. An initial drop height of 

10.2 cm (4 in) was selected and the stems were impacted five times. The drop height was then 

increased by 2.54 cm (1 in) and five more blows were delivered to the seated stem. This 

process continued until a fracture of the femur occurred.  The four metrics used for the analysis 

of implantation were also analysed during fracture.  

RESULTS  

The measurements in the 3 distal strain gauge rosettes were complicated by bending forces 

that were observed during femoral stem impaction and thus are not representative of the strain 

caused by seating of the femoral stem. As no fractures were noted in the distal portion of the 

bone and the proximal rosette strains were 2-5 times larger, only the proximal rosettes results 

are presented for discussion. On occasion, one or more strain gauges within a rosette did not 

adhere properly to the bone or an electrical lead became detached during handling of the bones 

resulting in no strain data for that location of interest. All statistical analysis was completed with 

the use of SAS software (SAS version 9.3, North Carolina, USA) and all tests for significance 

were Wilcoxon Ranked Sum tests.  

Implantation of femoral stems 

1) Peak hoop strains 
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Peak hoop strain in proximal strain gauges approached significance during implantation 

The peak hoop strains of the 3 proximal rosettes (anteromedial, medial, and posteromedial) 

located around the calcar region were compared for compaction and standard broaching. See 

Figure 7a. The peak hoop strains in the 3 proximal regions were higher for standard broaching 

in 9 of 11 comparisons. The p-values for the anteromedial (p=0.194), medial (p=0.052), and 

posteromedial (p=0.112) were not statistically significant.  

Bone is slightly viscoelastic meaning its material properties are influenced moderately by the 

strain rate at which load is applied. The strain rate during implantation varied from 0.155 – 0.854 

s-1 with no difference noted between the two techniques tested. Strain rate increased during 

fracture and varied between 0.285-5.49 s-1. For reference, strain rates between 0.3-1.0 s-1 are 

associated with violent fracture [27]. 

2) Strain energy retention 

Standard broaching tended to have lower strain energy retention   

In 7 of 9 comparisons of the proximal strain gauge regions, standard broached femurs had 

lower strain energy retention. See Figure 8a. No data was recorded in the anteromedial location 

for the femur of Male 1 (standard broach), in the medial location for Female 1 (standard broach 

and compaction broach), and in the medial location for Male 1 (compaction broach) due to 

poorly adhering strain gauges. The p-values for the anteromedial, medial, and posteromedial 

strain energy retention are as follows: p = 0.216, p = 0.149, and p = 0.471. 

3) Peak Force  

No significance was noted in the peak force achieved while seating the prosthetic. Peak force 

for the compaction broaching group ranged from 2.59 – 3.84 kN, while peak force for the 

standard broaching group ranged from 3.06 – 3.43 kN (p = 0.312). See Figure 9.  

4) Total potential energy 

Energy to implant the stem was significantly lower for the compaction broached femurs (p = 

0.03)   

The energy required to seat the femoral stems was determined by calculating the potential 

energy of the cross-head at a given drop height and multiplying by the number of drops required 

to seat the stem. See Equation 4.0 and Figure 10a. The energy required to seat stems of the 

compaction broaching group ranged from 877 – 2,905 J, whereas the energy required to seat 

stems of the standard broaching group ranged from 3,892 – 4,879 J. Statistical analysis 

revealed significance between the two groups (p = 0.03). 

Fracture of the femurs 

Seven of eight femurs fractured in the calcar region 

Fracture was achieved in seven of the eight femurs. The femoral stem in the left femur of 

Female 3 (standard broaching group) subsided considerably during attempted fracture. 

Ultimately, the femur withstood the maximum force producible by the drop tower at 48.3 cm (19 

in) for 5 blows. All other femurs fractured in the calcar region at or near the medial or 
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anteromedial location. The right femur of Female 2 (standard broaching group) displayed a 

primary fracture in the medial calcar region and a secondary fracture in the posterolateral 

region. See Figure 11 for images of all fractures. 

1)  Peak hoop strain  

Peak hoop strains at fracture tended to be larger in standard broaching group 

No statistical significance was found for peak hoop strain between the two techniques 

compared. For the three strain gauges of the calcar region going from anterior to posterior, the 

p-values were: p = 0.194, p = 0.377, and p = 0.312. However, the peak hoop strains for the 

standard broaching group were larger in 8 of 11 instances when compared to the compaction 

broaching group.  See Figure 7b. 

2) Strain energy retention   

Strain energy retention tended to be lower for standard broaching group 

Strain energy retention was smaller in 5 of 8 comparisons of the proximal regions of interest. No 

data was recorded for the matching femurs in which no data was collected during implantation 

due to poor strain gauge attachment. In addition to these four affected femurs, no data was 

collected in the anteromedial region of Female 1 (compaction broach) due to a detached 

electrical lead. No significance was found with statistical analysis (p = 0.663, p = 0.149, and p = 

0.471 for the three regions, respectively). See Figure 8b.  

3) Peak force 

Peak force to fracture was larger for standard broaching group in all cases 

In all four cases, the peak force at fracture was greatest for the femur that had undergone 

standard broaching. See Figure 9. No statistical significance was established (p = 0.112). 

4) Total potential energy 

Energy to fracture tended to be larger in the standard broaching group 

In three of four instances, the energy to achieve fracture was larger for the femur that had 

undergone standard broaching when compared to its pair. See Figure 10b.  No statistical 

significance was established (p = 0.312).   

DISCUSSION  

The financial constraints of this study limited the researchers to only four matched-pair femurs 

for comparison of the standard and compaction broaching methods. Given this low power, 

statistical significance was achieved for only one comparison parameter. Energy required to 

implant the femoral stems was shown to be lower for the compaction broaching group than the 

standard broaching group (p = 0.03). Despite the lack of statistically significant findings, many 

trends were observed with respect to the strain and force data collection. These trends will be 

the focus of this discussion.  

1) Peak hoop strain  
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Peak hoop strain during implantation and fracture appear to be smaller for the compaction 

broaching group. Between the anteromedial, medial, and posteromedial regions of the calcar, 

22 peak hoop strain measurements were recorded for implantation and fracture (no medial 

strain recorded for the femur of Male 1 in the compaction broaching group). Of these 22 

measurements, there were 18 instances where peak strains in the standard broaching group 

exceeded those of the compaction broaching group. In 14 instances the peak strains were more 

than 2-fold larger for the standard broaching group, and in 6 instances the compaction 

broaching group displayed compressive peak strains while the standard broaching group 

displayed tensile strains (Figure 7a-b). Elias et al hypothesized that femoral stems that consist 

of an antero-posterior taper, such as the compaction broaching stem used in this study, place 

the medial calcar region in compression during early implantation [7]. It appears this behaviour 

was captured in the results of this study.    

The dissenting measurements came from Female 1. The peak strain at fracture was higher in 

the compaction group in the anteromedial and posteromedial calcar regions. The peak strain 

during implant was also higher for the posteromedial region in the compaction group. However, 

the differences between the compaction and standard broaching groups were modest ranging 

from a 20-58% increase in strain. The forth peak strain reading that was larger in the 

compaction group occurred during femoral fracture of Female 3. The peak strain for the 

compaction broached femur was more than 2-fold larger; however, both the compaction and 

standard broaching strains were relatively small at 535 µε and 228 µε, respectively. 

2) Strain energy retention 

With each simulated mallet blow, energy of deformation is added to the femur. Once the mallet 

blow has stopped, some energy remains in the bone as residual energy content. The ratio of 

residual energy to added energy provides the strain energy retention. The strain energy 

retention tended to be larger in the compaction broaching group. This measurement was 

complicated by poorly adhered strain gauges or detached strain gauge leads which resulted in 7 

instances where no data was recorded for the anteromedial or medial calcar regions. Of 17 

measurements, the compaction broaching group had higher strain energy retention a total of 12 

times. There were 9 instances where the strain energy retention was more than 2-fold larger for 

the compaction group including 2 instances where it was more than 10-fold greater. All 

instances where the strain energy retention was greater in the standard broaching group 

occurred in the posteromedial region (a location where fracture occurred only once in this 

study). The difference between the compaction and standard broaching groups were modest. In 

only 3 instances the strain energy retention was more than 2-fold larger for the standard group 

and there were no instances where it exceeded a 10-fold increase. See Figure 8a-b. 

3) Peak Force 

Although peak force to implant and fracture were not significant (p = 0.312 and p = 0.112), the 

compaction broaching group tended to have lower values for both metrics. Peak force readings 

for standard broached femurs exceeded those of compaction broached femurs 7 out of 8 times. 

In the standard broaching group, the forces were approximately 450 N (15%), 650 N (19%), and 

800 N (23%) higher for the femurs of Female 2, Male 1, and Female 3, respectively. See Figure 
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9. When the standard broaching group was loaded to failure, the peak force for Females 2 and 

3 were nearly 2-fold, while the femurs of Male 1 displayed nearly equal force to fracture with a 

slightly higher peak force. The only value to disagree with the trend was the peak force 

achieved during implantation of the femoral stem for Female 1 who had a peak force of 

approximately 650 N (21%) higher in the compaction broaching group. However, the peak force 

at failure was modestly higher in the standard broaching femur of Female 1.  

The peak forces during implantation recorded in this study (mean: 3.10 kN) are considerably 

lower than the observed forces of 5.95 – 16.70 kN reported by Elias et al.; however, they are in 

agreement with the forces required to implant reported by Kold et al. (2005) which averaged 

3.56 kN [7, 26]. The average peak force to fracture in this study was 5.39 KN for both femoral 

stems investigated, this also correlates well with the findings of Kold et al. (2005) who reports an 

average force to fracture of 6.25 kN [26].  

4) Total potential energy 

As mentioned previously, the energy required to implant the femoral stems was significantly 

lower in the compaction broaching group (p=0.03). The energy to fracture did not display 

statistical significance. However, in 3 of 4 instances, the standard broaching group required 

considerably more energy to achieve fracture. The energy to fracture femurs of Females 1, 2, 

and 3 were approximately 2-fold, 19-fold, and 30-fold higher in the standard broaching group 

than its compaction broaching pair (Figure 10a-b). It should be noted that the left femoral stem 

for Male 1 had a collar (compaction broaching group) (Figure 11) which did not interfere with the 

initial impaction procedure but did come in contact with the cortical bone in the calcar region 

during loading to failure. This contact acted as a link to direct forces through the collar into the 

cortical bone and thus likely increased energy required to fracture. The energy required for 

failure of Male 1 femurs was 38.3 kJ and 28.6 kJ for compaction and standard broaching, 

respectively. With the collared stem removed from the statistical analysis, the p-value 

approaches significance dropping from p = 0.312 to p = 0.111.  To further complicate the 

interpretation of the data, the femur for Female 3 belonging to the standard broaching group did 

not fracture. The femoral stem heavily subsided in this femur during load to failure, and thus 

was likely undersized. The selection of an appropriately sized prosthetic for this femur would 

have likely produced a fracture and reduced the energy to fracture measurement in the standard 

broaching group.  

Conclusion  

A femur susceptible to intraoperative fracture is expected to display low peak force at fracture, 

low energy to fracture, high peak hoop strains, and high strain energy retention. The results of 

this study demonstrated trends indicating that compaction broached femurs display three of 

these four requirements – low peak force at fracture, low energy to fracture, and high strain rate 

retention. Although the standard broached femurs displayed considerably higher peak hoop 

strain, the strain energy retention is considered to be the most telling metric of an impending 

fracture. Strain energy retention represents the energy of deformation that remains in the bone 

following impaction, indicating the bone is not divesting of energy effectively. As the compaction 

broaching method causes compaction of the cancellous bone in the medullary cavity creating a 
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more rigid material, it suggests its ability to divest of strain energy by deforming neighbouring 

bone is limited. As a result, energy builds within the calcar region between subsequent 

impactions until the bone finally divests of its energy in the form of a fracture.  

The compaction broaching technique appears to create a higher likelihood of periprosthetic 

fracture of the femur upon impaction of the femoral stem when compared to that of the standard 

broaching technique. Despite an overall lack of statistical significance, this study found clear 

trends of greater intraoperative risk of femoral fracture using the compaction broaching 

technique. Accordingly, this study emphasises that surgeons must employ careful selection of 

implant systems and techniques when operating on patients at risk of intraoperative fracture, 

particularly elderly women with reduced bone density.  
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Figure 1: Rosette strain gauge location and strain gauge orientation 

0
o 
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Rosette strain gauges are located on the femur as labelled. The three 

proximal locations are: a) anteromedial, b) medial, c) posteromedial. The 

three distal locations are: d) medial, e) anterolateral, f) posterolateral 

(only wires shown) 

Inset - orientation of the strain gauges within the rosette: +45o, 0o, -45o 

Peak hoop strain 

Slope = strain rate 

Energy 

Added 
Residual Energy 

Figure 2: Typical time-strain curve for hoop strain Figure 3: Typical strain energy vs time curve during impaction 

A 

B 

C 

Figure 4: Drop tower 

The drop tower was used for femoral stem implantation and for fracturing the femurs. Items 

highlighted in the figure are: a) 2.2 kg aluminum cross-head, b) impaction rod attached to femoral 

stem, c) potted femur 
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Figure 5: Femur potted in acrylic cement Figure 6: Custom-designed 3D printed parts 

Custom designed 3D printed part include: a) force sensor 

casing secured to head of impaction rod, b) impaction rod 

casing ensuring axial force. Not shown: potted femur 

casing for attachment to drop tower base.  

A 

B 

Figure 7a: Peak hoop strains during 
implantation 

Peak hoop strains at three calcar 

regions: anteromedial (AM), medial 

(Med),and posteromedial (PM) were 

recorded during implantation of 

femoral stems. No data for Male 1 

femur of the compaction broaching 

group due to poorly adhered strain 

gauge. 

Results of Wilcoxon Ranked Sum test: 

 AM:  p = 0.194 

 Med: p = 0.052 

 PM: p = 0.112  

Figure 7b: Peak hoop strains during 
femur fracture 

No data for Male 1 femur of the 

compaction broaching group due to 

poorly adhered strain gauge. 

Results of Wilcoxon Ranked Sum test: 

 AM:  p = 0.194 

 Med: p = 0.377 

 PM: p = 0.312  

Standard Compaction 

Standard Compaction 
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Figure 8a: Strain energy retention during implantation 

No data recorded for blank boxes in data table due to poorly adhered strain 

gauges. Results of Wilcoxon Ranked Sum Test: AM (p=0.216), Med (p=0.149), 

PM (p=0.471).  

Figure 8b: Strain Energy retention during femoral fracture 

No data recorded for blank boxes in data table due to poorly adhered strain 

gauges or detached electrical leads. Results of Wilcoxon Ranked Sum Test:   

AM (p=0.663), Med (p=0.149), PM (p=0.471).  

Standard Compaction Standard Compaction 

Figure 9: Peak force at implant and fracture 

 

 

 

 

Results of Wilcoxon Ranked Sum test: 

 Implant: p = 0.312 

 Fracture: p = 0.112 

Standard Compaction 

Figure 10a: Energy require to implant 
Energy required to implant standard broached stems significantly higher than 

compaction broached stems (p=0.03) 

Figure 10b: Energy required to fracture 
Energy required to fracture no statistically different between two groups 

(p=0.312) 

Standard Standard Compaction Compaction 
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TABLES 

Table 1: Donor patient demographics and femoral stem size received 

Demographics 
 

Male 1 Female 1 Female 2 Female 3 

Age (years) 
 

64 66 89 81 

BMI (kg/m2) 
 

26.6 29.2 16.6 17.6 

Compaction Femoral 
Stem 

Corail 10 Corail 14 Corail 8 Corail 9 

Standard Femoral 
Stem 

Trilock 5 Trilock 6 Trilock 2 Trilock 1 

 

EQUATIONS 

∈𝑚𝑎𝑥,𝑚𝑖𝑛=  
(∈1−∈3)

2
 ±  

1

√2
√(∈1 − ∈2)2 + (∈2 − ∈3)2       (1.0) 

∈𝜑=  
𝜖𝑥+ 𝜖𝑦

2
−

𝜖𝑥− 𝜖𝑦

2
cos 2𝜑 +

𝛾𝑥𝑦

2
sin 2𝜑     (2.0) 

∈𝑥= ∈2       (2.1) 

∈𝑦= ∈1+ ∈3− ∈2     (2.2) 

𝛾𝑥𝑦 = ∈3− ∈1      (2.3) 

𝑈 =  
𝐸

2(1−𝜇2)
(𝜖𝑚𝑎𝑥

2 + 𝜖𝑚𝑖𝑛
2 + 2𝜇 ∈𝑚𝑎𝑥∈𝑚𝑖𝑛 )  (3.0) 

𝑈 = 𝑚𝑔ℎ      (4.0) 

 

Legend for Equations 

ε1 = strain at -45
o
 strain gauge 

ε2 = strain at 0
o
 strain gauge 

ε3 = strain at +45
o
 strain gauge 

εmax = max principal strain 
εmin = min principal strain 
εx = strain along short axis 
εy = strain along long axis 
εϕ = strain resolved at angle ϕ 
ϒxy= shear strain 
U = energy (J) 
E = Elastic Modulus 
µ = Poisson’s ratio 
m = mass of cross-head 
g = force of gravity 
h = drop height 

A D C B E 

F G 

Figure 11: Fractures in 7 femurs 

 

 

Note that most femurs fractured between the AM and Med strain gauge rosettes. Legend: a) 

Male 1 (note collared Corail stem), b) Female 1 (compaction group), c) Female 2 (compaction 

group), d) Female 3 (compaction group), e) Male 1 (standard group), f) Female 1 (standard 

group), g) Female 2 (standard group). Not shown: Female 3 (standard group) – no fracture 

achieved.   


