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Abstract 70 

 71 

 The mechanical advantage of the knee extensor mechanism depends heavily on the 72 

patellar tendon moment arm (PTMA). Understanding which factors contribute to its variation 73 

may help improve functional outcomes following arthroplasty.  This research optimized 74 

PTMA measurement, allowing us to quantify the contribution of different variables.  The 75 

PTMA was calculated about the instantaneous helical axis of tibiofemoral rotation from 76 

optical tracked kinematics.  A fabricated knee model facilitated calculation optimization, 77 

comparing four data smoothing techniques (raw, Butterworth filtering, generalized cross-78 

validated cubic spline-interpolation and combined filtering/interpolation).  The PTMA was 79 

then measured for 24 fresh-frozen cadaveric knees, under physiologically based loading and 80 

extension rates. Combined filtering/interpolation enabled sub-mm PTMA calculation 81 

accuracy throughout the range of motion (root-mean-squared error 0.2mm, max error 82 

0.4mm), whereas large errors were measured for raw, filtered-only and interpolated-only 83 

techniques at terminal flexion/extension.  Before scaling, the mean PTMA was 46mm; 84 

PTMA magnitude was consistently larger in males (mean differences: 5 to 10mm, p<0.05) 85 

and was strongly related to knee size: larger knees have a larger PTMA. However, while 86 

scaling eliminated sex differences in PTMA magnitude, the peak PTMA occurred closer to 87 

terminal extension in females (female 15°, male 29°, p=0.01).  Knee size accounted for two-88 

thirds of the variation in PTMA magnitude, but not the flexion angle where peak PTMA 89 

occurred. This substantial variation in angle of peak PTMA has implications for the design of 90 

musculoskeletal models and morphotype-specific arthroplasty.  The developed calculation 91 

framework is applicable both in vivo and vitro for accurate PTMA measurement. 92 

 93 

Keywords: Knee, TKA, Patellofemoral, Arthroplasty, Extension  94 
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Introduction 95 

 96 

Biomechanical variation in the knee has been of long-term interest in the analysis of 97 

how and why knees wear, so that the treatment of pain and disease can be planned and 98 

performed more accurately.1–3  In total knee arthroplasty (TKA), for example, sex differences 99 

in joint anatomy, kinetics, and kinematics4–9 has led to “gender-specific” components that 100 

aim to minimize soft tissue impingement,4,10–13 or optimize trochlear geometry.7,14  Such 101 

developments, amongst others, have contributed to the good TKA survival rates.15  There is 102 

now increasing focus on poor post-operative function,16–19 seeking an explanation for the 103 

dissatisfaction rates of up to 20% reported.20 It remains unclear how anatomical variation 104 

influences knee function. 105 

The knee extensor mechanism is fundamental to normal knee function, influencing 106 

general locomotion through gait efficiency, in addition to more obviously affected functional 107 

tasks, such as rising from a chair.21 The patellar tendon moment arm (PTMA) is a useful 108 

metric for quantifying general extensor mechanism function, accounting for both tibio- and 109 

patellofemoral articulation. Defined as the perpendicular distance between the line of action 110 

of patellar tendon tension and the axis of tibiofemoral extension, it can be considered a 111 

measure of the tendency of quadriceps force to extend the knee. The PTMA is correlated with 112 

knee size, but sex may also influence it more subtly. Many kinematic, kinetic, and anatomical 113 

differences between males and females could affect the PTMA including tibiofemoral 114 

rotations,22 patellar position,5 patellar tendon tension magnitude and direction,9,23,24 and 115 

trochlear geometry.25,26 Indeed, extension torque generation capacity has been found to be 116 

sex-specific, even after allometric scaling.6,27 However, despite these extensor related 117 

differences, the PTMA has been reported to be relatively constant between the sexes after 118 

accounting for knee size.28,29   119 

This apparent PTMA invariance may be explained by various challenges associated 120 

with its experimental measurement. The PTMA can be measured using tendon excursion, 121 

direct load, or geometric methods, although the latter is generally preferred as a non-invasive 122 

measure.30  The most relevant geometric method requires calculation of the three-123 

dimensional instantaneous helical axis (IHA), which captures knee motion in three 124 

dimensions, not only in the sagittal plane.31 IHA evaluation, however, requires calculation of 125 

tibiofemoral rotational velocity, which requires differentiation of positional data, amplifying 126 

experimental noise, producing large errors.32 At low velocities, for example near the limits of 127 

range of motion, amplified noise outweighs the signal and inaccuracies prohibit meaningful 128 
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conclusions.29,33  Attempts to overcome this problem include prescribing tibiofemoral 129 

rotation velocity,28 omitting low velocity data,29 or using approximations of the IHA, such as 130 

the finite helical axis (FHA).31,34 Whilst these may eliminate some of the challenges 131 

associated with calculating the IHA, they also risk under-sampling and/or non-physiological 132 

simulation of joint kinematics.  Data smoothing techniques, such as digital filtering and 133 

spline-interpolation, have also been proposed to improve IHA accuracy.35,36 These, however, 134 

have not been applied to a comprehensive geometric PTMA calculation method and it not 135 

clear how data smoothing should be applied in this context. 136 

The primary aim of this study was to assess variation in the PTMA, testing the null 137 

hypothesis that sex has no influence on PTMA after accounting for knee size. The secondary 138 

aim was to determine a filtering and/or spline-interpolation technique that minimizes PTMA 139 

calculation error. 140 

 141 

 142 

Method 143 

 144 

PTMA Measurement Error: Experimental Setup  145 

To assess the effect of filtering and spline-interpolating positional data on the 146 

accuracy of PTMA measurement, a model knee joint was additively manufactured to known 147 

tolerances (Mark Two, Markforged Inc., USA). The model consisted of a stationary femur 148 

and patella, and moveable tibia, with the PTMA sized to match a typical knee. To minimize 149 

the possible tolerance stack for the fabricated knee, movement was restricted to a single 150 

degree of freedom (flexion-extension). Secondary knee motions were not required for 151 

accuracy validation as whilst PTMA is inherently affected by secondary motions, the 152 

calculation method is not. The PTMA of the model was evaluated from CAD geometry 153 

between 0 - 90  flexion, providing a reference against which experimental measurements 154 

could be compared. Mechanical stops were included at 0 and 90 flexion so that rotational 155 

velocity was reduced to zero at terminal extension/flexion. After manufacture, model parts 156 

were measured using digital calipers (resolution 0.01 mm) and CAD geometry was updated, 157 

so critical dimensions matched the manufactured model to the caliper resolution. 158 

Following an established experimental protocol,37 model segment kinematics were 159 

captured using a motion-tracking system (Optotrak Certus, Northern Digital Inc., Canada). 160 

Kinematics were captured at a rate of 100 Hz using a motion tracking system comprised of 161 
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three rigidly-linked cameras with calibration volume of 30 m3 and residual calibration error 162 

of less than 0.5 mm RMS. Active infra-red trackers were rigidly fixed to each joint segment 163 

before the pseudo-anatomical points were digitized using a tracking probe to define reference 164 

frames of the model’s femur, tibia, patella, and patellar tendon insertion points. The tibia of 165 

the model knee was manually moved through six flexion/extension cycles between 0 - 90 , 166 

whilst the positions of the active trackers were measured. The mean extension rate was 100 167 

/s and mean accelerations between 90 - 80  and 10-0  were 50 and -30 /s2, respectively.  168 

 169 

PTMA Measurement Error: Data Processing 170 

The resulting model kinematic data were then analyzed using custom scripts in 171 

MatLab (R2018b, MathWorks, USA). Relative joint kinematics were calculated using the 172 

Grood and Suntay coordinate system,38 providing joint angles and translations as a function 173 

of time.  174 

These time series data were subjected to four levels of filtering and spline-175 

interpolation, producing four versions of the kinematics needed to calculate the PTMA: 1) the 176 

raw data were left unprocessed. 2) data were filtered using a low-pass two-way 4th order 177 

Butterworth filter. Cut off frequencies were selected as those that retained 95% of the signal, 178 

as per occupied bandwidth analysis. 3) data were interpolated using cubic splines, optimized 179 

by generalized cross validation.39,40 4) data were both filtered and then spline-interpolated. 180 

The IHA,32 and then the PTMA,28 were calculated using the four kinematic datasets, 181 

and were then averaged over the six cycles, producing PTMA trajectories as a functions of 182 

flexion angle.  These four resulting PTMA trajectories were then compared to the reference 183 

PTMA by assessing Root Mean Square Error (RMSE), maximum error, and terminal 184 

extension and flexion errors. 185 

The relationship between sampling rate and PTMA calculation accuracy was 186 

investigated by down-sampling the raw data (before it was filtered and spline-interpolated) 187 

simulating a lower rate of data collection. RMSE and maximum error between effective 188 

frequencies of 100 to 5 Hz were evaluated. 189 

 190 

Variation in the PTMA: Specimens and Setup 191 

The newly established, accurate PTMA calculation method was then applied to a 192 

cadaver model to assess variation of the PTMA in the native knee. An a priori power 193 

analysis, based on a comparable study,41 determined that eleven knees in each group would 194 
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enable detection of 10% differences in PTMA (~4 mm) with 80% power at the 95% 195 

confidence level. Twenty-four (11 female) fresh-frozen cadaveric knees (mid-femur to mid-196 

tibia) were sourced (Science Care, Arizona, AZ). Ethical approval was granted by the 197 

hospital tissue bank (Project R15022 and HTA license 12275). Specimens showed no signs 198 

of gonarthrosis, trauma, deformity, or restricted range of motion. Donor medical histories 199 

were free from diseases that might typically affect musculoskeletal health. 200 

When defrosted, the skin and subcutaneous fat of the specimens were removed, whilst 201 

carefully preserving the fascia. Lateral collateral ligament function and anatomical position 202 

were preserved by screwing the head of the fibula to the tibia. Knees were positioned in an 203 

extension rig, with the femur held stationary, so the femoral trans-epicondylar axis was 204 

aligned to the rotational axis of the rig, enabling knee kinematics to be tracked as previously 205 

described.42,43 A manually controlled tibial restraint, which allowed secondary knee motions 206 

to freely occur, was used to control extension/flexion rates. After individual dissection, the 207 

quadriceps tendons, iliotibial band, and hamstrings tendons were bound with fabric and 208 

connected to hanging weights by cables. A pulley system ensured anatomically directed 209 

tension in each tendon,44 simulating physiological knee extension.42,43 A cumulative load of 210 

225 N was chosen to provide approximately 10 % of that seen physiologically and was 211 

distributed according to the reported cross-sectional area of each muscle: Rectus Femoris & 212 

Vastus Intermedius, 61.25 N; Vastus Medialis Longus, 24.5 N; Vastus Medialis Obliquus, 213 

15.75 N; Vastus Lateralis Longus, 57.75 N; Vastus Lateralis Obliquus, 15.75 N; Iliotibial 214 

Band, 30 N; Semimembranosus & Semitendinosus, 10 N; Long & Short head of Biceps 215 

Femoris, 10 N.44  216 

Following the same digitization and tracking protocol as the model knee, open-chain 217 

joint kinematics were captured as the knees were moved through six flexion/extension cycles 218 

between 110 – 0  flexion.  219 

 220 

Variation in the PTMA: Data Analysis 221 

Similarly to the fabricated knee model, relative joint motions were calculated. These 222 

kinematics were then both filtered and spline-interpolated, implementing the optimized data 223 

smoothing approach, before being used to calculate the PTMA. 224 

To quantify the amount of PTMA variation explained by knee size, Pearson product 225 

moment correlation was calculated between both mean average PTMA and peak PTMA and 226 

epicondylar width. The PTMA was then scaled by multiplying the PTMA of each specimen 227 
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by the ratio of the mean epicondylar width of the entire sample to that of the specimen itself; 228 

a method previously applied to reduce the effect of knee size, enabling comparison between 229 

male and female knees.29  230 

The absolute and scaled average, peak, and minimum PTMA were measured, as was 231 

the PTMA at the experimental terminals of flexion (110 ) and extension (0 ).  The PTMA 232 

length change was evaluated between terminal flexion and its peak, and between its peak and 233 

terminal extension. The flexion angle at which the peak PTMA occurred (a measure 234 

unaffected by scaling) was also examined.  After verifying data normality using the Shapiro-235 

Wilk test, the effect of sex on both the absolute and scaled metrics was assessed by 236 

independent-samples t-tests, with Bonferroni-Holm adjustment for multiple comparisons. All 237 

data processing was again performed using custom MatLab scripts, except for normality 238 

testing and t-tests which were performed in SPSS (Version 25, IBM, USA). 239 

 240 

Results  241 

PTMA Measurement Error 242 

Filtering and spline-interpolation reduced PTMA measurement error (Figure 1). Large 243 

errors were observed for the raw kinematic dataset: over the flexion range (RMSE = 3.6 mm, 244 

maximum error = 23.8 mm) and at terminal extension (19.0 mm) and flexion (13.5 mm). 245 

Filtering improved average accuracy (RMSE = 1.2 mm, maximum error = 7.4 mm) but large 246 

errors remained at terminal extension (7.4 mm) and flexion (1.5 mm). Spline-interpolation 247 

reduced the errors at terminal extension (0.7 mm) and flexion (0.5 mm), improving general 248 

accuracy but maximum errors greater than 1 mm were still observed (RMSE = 0.7 mm, max 249 

error = 1.8 mm). Combined filtering and spline-interpolation resulted in sub-mm accurate 250 

measurement of the PTMA throughout the whole flexion range (RMSE = 0.2 mm, max error 251 

= 0.4 mm) and at terminal extension (0.2 mm) and flexion (0.2 mm).  252 

 Down-sampling the kinematic data for the fabricated knee resulted in a 1 ° loss in 253 

resolution at 33 Hz. This had minimal effect on both RMSE (less than 1 mm throughout) and 254 

maximum error, which remained below 1 mm until an effective sampling rate of 7 Hz 255 

(Supplementary Figure 1). Down-sampling the kinematic data of one of the cadaveric knees 256 

produced an additional maximum error of >1 mm at an effective sampling rate of 11 Hz, 257 

whilst RMSE remained below 1 mm even at an effective rate of 5 Hz (Supplementary Figure 258 

2). 259 

 260 
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Variation in the PTMA 261 

Over the range of knee flexion, for all knees, mean PTMA was 46.0 mm.  A 262 

consistent trajectory of the PTMA was observed: the PTMA was found to increase from a 263 

mean value of 38.0 mm (range: 30.3 to 47.3 mm) in terminal flexion, reaching a peak (mean: 264 

53.0 mm, range: 40.6 to 64.7 mm) at a low angle of knee flexion (mean: 22 °, range: 1 to 37 265 

°), from where it decreased to a mean value of 46.8 mm (range 36.6 to 60.2 mm) at full 266 

extension (Figure 2).     267 

Knee size was highly correlated with both mean (r = 0.84, p < 0.001) and peak (r = 268 

0.8, p < 0.001) PTMA (Figure 3) and the male knees tested were larger than the female knees 269 

(mean epicondylar width: M = 85.3 mm, F = 72.8 mm, p < 0.001).   270 

Before scaling (Table 1), the average (M = 50.0 mm, F = 41.3 mm, p < 0.001), peak 271 

(M = 57.5 mm, F = 47.6 mm, p < 0.001), and minimum (M = 41.3 mm, F = 33.2 mm, p < 272 

0.001) PTMA were larger in male knees. At terminal flexion the male PTMA was larger (M 273 

= 41.9 mm, F = 33.4 mm, p < 0.001), and a similar trend was observed at terminal extension 274 

(M = 49.2 mm, F = 44.0 mm, p = 0.08). The PTMA trajectory for female knees was found to 275 

be flatter than that for male knees as the net length change from peak to terminal extension 276 

was smaller in female knees (M = 8.3 mm, F = 3.6 mm, p = 0.03) (Table 1) and the flexion 277 

angle at which peak PTMA occurred was found closer to terminal extension for female knees 278 

(M = 28.5 °, F = 14.5 °, p = 0.01) (Figure 4). 279 

Scaling eliminated differences in the magnitude of PTMAs between the sexes (Figure 280 

5, Table 1), however, the flexion angle where peak PTMA occurred remained different as it 281 

was unaffected by scaling.  Both the trajectory of the patellar tendon and the pattern of 282 

movement of the IHA varied between the knees that peaked towards terminal extension and 283 

those that peaked at higher angles of knee flexion (Figure 6).   284 

 285 

 286 

Discussion 287 

 288 

 Through minimizing the error in PTMA calculation, this study has delineated sex 289 

differences in PTMA both before and after scaling for knee size, thus rejecting the null 290 

hypothesis that sex has no influence on the PTMA.  In terms of the magnitude of PTMA, 291 

knee size explained more than 64 % of the variance.  Consequently, after accounting for knee 292 

size, sex had minimal effect both statistically and practically, as 1 – 2 mm is similar to the 293 

level of accuracy achieved during knee arthroplasty with manual instrumentation.45 The 294 
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implication of this finding is that standard methods for sizing arthroplasty components can 295 

account for much of the variation in the magnitude of PTMA.  However, large size-296 

independent variations in the PTMA were also observed (Figure 6).  The flexion angle at 297 

which peak PTMA occurred varied from 1 to 37 °, with the peak occurring on average 14 ° 298 

closer to terminal extension for female knees.  In the context of the flexion range associated 299 

with the quadriceps active stance phase of gait (0 - 30 °),46 this variation could be particularly 300 

influential. Females may require extra extensor power near full extension for knee stability, 301 

due to the more anterior position of the hip relative to the centre of the pelvis.47 Sized 302 

arthroplasty components will not accommodate for this variation, and consequently may 303 

depower the extensor mechanism at key flexion angles for gait and other activities, perhaps 304 

contributing to functional deficits reported after TKA in those who have this particular 305 

characteristic.     306 

 The application of automatic filtering and spline-interpolation was validated using a 307 

fabricated knee that was sized to match an average knee, enhancing the quality of the 308 

validation compared to similar analyses of the IHA using more simplified apparatus.28 This 309 

approach has demonstrated that the best tibiofemoral axis approximation, the IHA, is useable 310 

in PTMA analyses without imposing experimental constraints. Both RMSE and maximum 311 

error were reduced to less than 1 mm and the PTMA was shown to be accurately measurable 312 

at terminal extension and flexion. The RMSE and maximum errors remained low for data 313 

down-sampled to approximately 10 Hz for both the both the fabricated and cadaveric knee 314 

indicating that the presented PTMA calculation framework is highly robust across most 315 

practical sampling rates.  This finding should be applied with caution: whilst the calculation 316 

itself is robust, it cannot account for any missed kinematic events that might go undetected 317 

with a low sampling rate.   318 

The values of PTMA in the mid-flexion range found in this study broadly aligned 319 

with previous studies using the FHA. The mean peak PTMA (53.0 mm) was also comparable 320 

to other in vitro (51.8 mm)28,48 and in vivo (49.7 mm)29,49 work. Comparisons at terminal 321 

extension/flexion are not possible as previous research has been affected by inaccuracy, sub-322 

physiological rates of knee extension, or have not accounted for out of sagittal plane 323 

movement at these positions. The method using an optimized IHA approach provides greater 324 

confidence in reporting PTMA characteristics throughout the whole of flexion-extension, 325 

including range of motion limits. 326 

 As expected, the PTMA was larger for male knees across nearly all measures, 327 

corroborating previous reports.28,29 An exception was the PTMA length change from terminal 328 
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flexion to its peak, which was constant between male and female knees, suggesting that 329 

PTMA length change between these points is defined by something other than knee size; 330 

reported differences in femoral condylar geometries may offer some explanation.10 Although 331 

reports of relative narrowness at the anterior condyle in female knees have influenced TKA, 332 

more detailed analyses have shown differences are only present more distally, not in the 333 

trochlear region.13 Assuming the PTMA is predominantly defined in the sagittal plane at 334 

deeper flexion angles,29 such distal femoral narrowness implies a relatively larger female 335 

PTMA after scaling by epicondylar width. This is in contrast to the presently reported 336 

invariance at terminal flexion, suggesting that, if distal narrowness does exist, it does not 337 

proportionally affect the PTMA.  This study focused on differences arising due to knee size 338 

and sex in the PTMA to build on previous research in this area.  The magnitude of 339 

differences found were small after accounting for knee size and hence future work might 340 

focus on morphotype or ethnicity to further investigate the link between anatomy and 341 

function.50   342 

In the optimization of PTMA calculation, CAD measurements were treated as a 343 

known reference; to minimize the impact of manufacturing inaccuracies, all critical 344 

dimensions were measured post-manufacture and the CAD updated to match the physical 345 

model. However, these measured to a resolution of 0.01 mm and were made manually, so 346 

some variation will have remained. The accuracy of these measurements was an order of 347 

magnitude below reported error results, so such residual variation was unlikely to influence 348 

findings. The laboratory model represented an improvement over previous in vitro PTMA 349 

research through physiological rates of knee extension, and with muscular loading applied in 350 

more physiological directions, distributed according to muscle cross-sectional area.  351 

However, there remain three limitations compared to true in vivo loading that could have 352 

affected the results: 1) patellar tendon stress was assumed to be constant but might vary 353 

throughout its cross section, so the resultant force may not have aligned exactly to the 354 

tendinous insertion points used; 2) whilst the ratio of forces between the vastii is dynamic 355 

during knee extension, it was kept constant throughout in this protocol; and, 3) a constant 356 

tension ratio between the extensors and flexors was assumed, despite it also being dynamic 357 

throughout extension. Consideration must be given to secondary knee motions, which 358 

naturally affect the PTMA and are known to vary dependent on the activity being 359 

performed.51 The IHA based PTMA calculation employed throughout this study inherently 360 

captures these secondary motions, which is an advantage of this calculation framework. 361 

However, caution should be applied when interpreting the identified sex differences as other 362 
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loading scenarios, such as closed-chain weight-bearing exercise, could influence these 363 

effects. The optimized PTMA calculation method could be applied to measure PTMA in 364 

vivo, but it would suffer from inherent limitations such as skin-artefacts if using infra-red 365 

markers, quasi-static extension if using MRI, or subject radiation exposure if using 366 

fluoroscopy. The robust calculation framework would complement three-dimensional mobile 367 

fluoroscopy methods by enabling the PTMA to be measured during physiological gait at 368 

relatively low sampling rates, although radiation exposure should remain a consideration. 369 

 370 

Conclusion: 371 

 372 

 Knee size accounted for approximately two-thirds of the variation in the magnitude of 373 

PTMA and hence sized arthroplasty components can account for much of the variation in 374 

PTMA.  However, large variation was also observed in the angle at which peak PTMA 375 

occurred, occurring closer to terminal extension for female knees than male knees, indicating 376 

that there may be functional benefits to be gained from morphotype-specific arthroplasty, 377 

perhaps motivating patient-specific approaches.  Butterworth filtering, combined with 378 

generalized cross-validation spline interpolation, enables measurement of the PTMA to sub-379 

mm accuracy using optically tracked positional data, even at the limits of knee motion. 380 

 381 
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Tables 542 

 543 

Table 1: Comparison of key patellar tendon moment arm measures before and after scaling between male 544 
and female knees. Brackets indicate standard deviations. Asterisks indicate maintenance of statistically 545 

significant differences after adjustment for multiple comparisons. 546 

PTMA Absolute 

 All Male Female 
Mean 

Difference 

95% Conf. Int. of 
Difference 

p 

Lower Upper Unadjusted Adjusted 

Average (mm) * 46.0 (5.3) 50.0 (3.6) 41.3 (2.4) 8.7 5.9 11.4 < 0.001 < 0.001 

Peak (mm) * 53.0 (6.4) 57.5 (4.1) 47.6 (3.6) 9.9 6.4 13.3 < 0.001 < 0.001 

Minimum (mm) * 37.6 (5.1) 41.3 (3.5) 33.2 (2.7) 8.1 5.3 10.9 < 0.001 < 0.001 

Terminal Extension 
(mm) 

46.8 (6.2) 49.2 (7.2) 44.0 (2.7) 5.2 0.3 10.2 0.04 0.08 

Terminal Flexion 
(mm) * 

38.0 (5.1) 41.9 (2.9) 33.4 (2.6) 8.5 6.1 11.0 < 0.001 < 0.001 

Peak to Term. Ext. 
Length Change 

(mm) * 
6.2 (4.6) 8.3 (4.3) 3.7 (3.3) 4.6 1.2 8.1 0.01 0.03 

Term. Flex. to Peak 
Length Change 

(mm) 
15.0 (3.4) 15.6 (2.6) 14.2 (3.9) 1.4 -1.5 4.3 0.34 0.34 

Peak PTMA Flexion 
Angle (∘) * 

22.0 (12.2) 28.5 (9.6) 14.5 (10.6) 14.0 5.4 22.6 0.003 0.01 

 Scaled 

 All Male Female 
Mean 

Difference 

95% Conf. Int. of 
Difference 

p 

Lower Upper Unadjusted Adjusted 

Average (mm) 46.0 (3.0) 46.6 (2.4) 45.2 (3.5) 1.4 -1.2 4.0 0.26 1.00 

Peak (mm) 53.0 (3.9) 53.7 (2.7) 52.2 (4.9) 1.5 -1.9 4.9 0.37 0.74 

Minimum (mm) 37.5 (2.9) 38.5 (2.2) 36.3 (3.2) 2.2 -0.2 4.6 0.07 0.35 

Terminal Extension 
(mm) 

46.9 (5.1) 45.9 (5.8) 48.1 (3.6) -2.3 -6.7 2.1 0.27 0.81 

Terminal Flexion 
(mm) 

37.9 (2.8) 39.1 (1.8) 36.5 (3.1) 2.6 0.4 4.8 0.03 0.21 

Peak to Term. Ext. 
Length Change 

(mm) 
6.1 (4.4) 7.8 (4.2) 4.0 (3.6) 3.8 0.3 7.3 0.04 0.24 

Term. Flex. to Peak 
Length Change 

(mm) 
15.1 (3.6) 14.6 (2.3) 15.6 (4.6) -1.1 -4.2 2.1 0.52 0.52 

 547 

 548 

 549 

 550 

 551 
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Supplementary Table 1: Absolute and scaled Patellar Tendon Moment Arm measurements at 5   552 
increments of flexion. 553 

 Mean (S.D.) Patellar Tendon Moment Arm (mm) 

 Absolute Scaled 

Flexion Angle 
(∘) 

Total Male Female Total Male Female 

0 46.8 (6.3) 49.2 (7.5) 44.0 (2.8) 46.9 (5.2) 45.9 (6.1) 48.1 (3.7) 

5 47.9 (6.8) 50.9 (7.5) 44.3 (3.8) 47.9 (5.2) 47.4 (5.9) 48.5 (4.4) 

10 49.6 (6.9) 53.2 (7.0) 45.4 (3.7) 49.6 (4.9) 49.5 (5.4) 49.6 (4.5) 

15 50.8 (6.9) 54.9 (6.3) 45.9 (3.8) 50.7 (4.6) 51.1 (4.7) 50.3 (4.5) 

20 51.6 (6.7) 55.9 (5.5) 46.5 (3.9) 51.6 (4.4) 52.2 (4.2) 50.9 (4.8) 

25 51.8 (6.6) 56.4 (4.7) 46.5 (3.8) 51.8 (4.3) 52.6 (3.7) 50.9 (4.8) 

30 51.8 (6.4) 56.4 (4.2) 46.4 (3.8) 51.8 (4.2) 52.6 (3.4) 50.8 (5.0) 

35 51.3 (6.4) 55.9 (3.8) 45.8 (3.7) 51.3 (4.2) 52.2 (3.3) 50.1 (4.9) 

40 50.5 (6.3) 55.2 (3.7) 45.0 (3.6) 50.5 (4.1) 51.6 (3.1) 49.3 (4.9) 

45 49.6 (6.2) 54.2 (3.6) 44.2 (3.5) 49.6 (4.1) 50.6 (3.0) 48.5 (5.0) 

50 48.6 (6.1) 53.0 (3.7) 43.3 (3.5) 48.5 (4.0) 49.5 (2.9) 47.4 (5.0) 

55 47.4 (6.0) 51.8 (3.8) 42.2 (3.4) 47.4 (4.0) 48.3 (2.9) 46.3 (4.9) 

60 46.3 (5.9) 50.5 (3.9) 41.3 (3.4) 46.3 (3.9) 47.1 (2.9) 45.3 (4.9) 

65 45.1 (5.8) 49.2 (4.0) 40.3 (3.4) 45.1 (3.9) 45.9 (2.9) 44.2 (4.8) 

70 44.1 (5.8) 48.0 (4.1) 39.4 (3.5) 44.0 (3.9) 44.8 (3.0) 43.2 (4.8) 

75 43.1 (5.6) 46.8 (4.1) 38.7 (3.6) 43.1 (3.9) 43.7 (2.9) 42.3 (4.8) 

80 42.1 (5.5) 45.8 (4.1) 37.8 (3.6) 42.1 (3.8) 42.7 (2.9) 41.5 (4.7) 

85 41.3 (5.4) 44.8 (4.0) 37.1 (3.6) 41.3 (3.7) 41.8 (2.8) 40.7 (4.6) 

90 40.4 (5.2) 43.9 (3.8) 36.2 (3.4) 40.4 (3.5) 40.9 (2.7) 39.7 (4.3) 

95 39.6 (5.1) 43.1 (3.6) 35.4 (3.1) 39.6 (3.2) 40.2 (2.5) 38.8 (3.9) 

100 38.9 (5.1) 42.5 (3.3) 34.5 (2.9) 38.8 (3.0) 39.7 (2.3) 37.8 (3.6) 

105 38.3 (5.1) 42.1 (3.1) 33.8 (2.8) 38.2 (2.9) 39.3 (2.1) 37.0 (3.3) 

110 38.0 (5.2) 41.9 (3.0) 33.4 (2.7) 37.9 (2.9) 39.1 (1.9) 36.5 (3.2) 

 554 

 555 

 556 

 557 
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Figures 565 

 566 

Figure 1: The effect of different data smoothing techniques on the patellar tendon moment 567 

arm calculation accuracy.  Left) The different data smoothing techniques (colored lines) 568 

compared to the PTMA trajectory of the frabricated knee (black + symbols). Right) Absolute 569 

error.  Raw (purple), Butterworth filtered (blue), spline-interpolated (green), and combined 570 

filtered/interpolated (yellow) techniques are shown.  Each line is the mean of six 571 

flexion/extension cycles.   572 

 573 
Figure 2: The absolute patellar tendon moment arm for all, male, and female knees. 574 

Tabulated data at 5 ° flexion increments are available in supplementary material 575 

(Supplementary Table 1). 576 
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 577 
Figure 3: Pearson's product moment correlation (r=0.8, p < 0.001) between peak PTMA and 578 

epicondylar width. 579 

 580 

Figure 4: Comparison of location of peak patellar tendon moment arm in flexion for male 581 

and female knees. Whiskers indicate 95% confidence intervals; p=0.01. 582 
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 583 

Figure 5: The scaled patellar tendon moment arm for male (blue), and female (yellow) knees. 584 

 585 
Figure 6: Variation in PTMA independent of knee size.  Shown is experimental data for two 586 

knees with all distances normalized by mean PTMA: the first exhibited peak PTMA near 587 

terminal extension (peak at 1 °, color transitioning from green in deep flexion to blue in 588 

extension), and the other peaked at a higher angle of knee flexion (peak at 37 °, yellow in 589 

deep flexion to red in extension). Left) The trajectory of the patellar tendon projected into the 590 

sagittal plane (straight lines) and movement of the IHA (sagittal plane intersection points) 591 

relative to the femur. For the knee that peaked towards terminal extension, the patellar 592 

tendon was angled less anteriorly in extension and there was greater normalized translation 593 

of the IHA. Right) Normalized PTMA, color matched to the left visualisation. 594 

 595 
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