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ABSTRACT 

Total knee arthroplasty (TKA) is one of the most common treatments of end stage knee 

osteoarthritis. Not all individuals receiving these surgeries biomechanically recover to a desired 

level of physical function or improve subjective satisfaction during and after rehabilitation. 

Investigating accommodating alternatives to traditional rehabilitation exercises for individuals 

recovering from their TKA surgery is important for promoting improved outcomes, physically 

and mentally for these individuals. Cycling is often recommended for this population, but there is 

room to adapt cycling for the recovering knee specifically. This research investigates patients 

recovering from a TKA soon after their surgery while cycling with asymmetrically adjusted 

crank arms for the recovering limb through the use of traditional biomechanics and 

musculoskeletal simulation. 

The first study, Chapter 4, evaluated the peak biomechanical responses of the lower limbs 

of patients 1-2 months post-TKA surgery when cycling on an ergometer using varying lengths of 

asymmetric and symmetric crank arms. The evidence from Chapter 4 suggests that asymmetric 

crank arms reduce knee range of motion while maintaining peak knee extension moments. These 

findings indicate that asymmetric crank arm usage is beneficial in accommodating difficulties 

with knee stiffness and range of motion early in recovery from TKA without introducing 

unwanted loading at the knee. 

The second study, Chapter 5, calculated the differences between limbs of peak 

biomechanical variables between groups of participants who had unilateral or bilateral TKAs. 

Chapter 5 findings report almost no changes in the relationship between limbs of participants 

with unilateral of bilateral TKA. These findings suggest that the acute asymmetric crank arm 
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intervention implemented will equivalently affect both groups and clinicians can prescribe this 

modality for unilateral and bilateral TKA. 

The final study, Chapter 6, implemented musculoskeletal modeling simulations to 

investigate the effects of asymmetric crank arm usage in this population on the replaced limb’s 

estimated vertical knee contact forces as well as the peak muscle forces for musculature 

surrounding the knee. Chapter 6 results suggest that total vertical knee contact forces are lowered 

with decreased crank arm length. Future work should evaluate the longitudinal effects of this 

crank arm methodology to understand chronic adaptations that may occur in this population. 
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Background 

Total knee arthroplasty (TKA) is a surgical procedure that involves reshaping and 

resection of bone and meniscus at the patellofemoral and tibiofemoral joints {Varacallo, 2023 

#251;Parsons, 2021 #259}. TKA procedures have had an increasing growth rate since 2000 and 

have a projected annual growth rate of 4.44% while surpassing 480,000 surgeries in 2019 

{Shichman, 2023 #224}. The purpose of the surgery in many cases is to remedy primary knee 

osteoarthritis (OA) by restoring an individual’s quality of life and physical function, decreasing 

pain, and attempting to halt structural decay of the involved bones {Varacallo, 2023 #251;Guo, 

2018 #260}. Women undergo more TKA procedures than men, which is likely a result of 

articular cartilage loss at four times the yearly rate as men {Hanna, 2009 #307;O'Connor, 2011 

#310}. Women also tend to have more unfavorable outcomes such as implant failure, pain and 

depressions levels, obesity, and additional symptomatic joints after TKA than men, but some 

authors have concluded that sex specific TKA implants result in similar outcomes {Vina, 2020 

#311;Mehta, 2015 #312;Johnson, 2011 #308}. Further factors for knee OA progression 

consideration include high body mass index (BMI), greater radiographic disease burden, slower 

chair-stand time, and larger bone marrow lesions {Driban, 2020 #402}. In conjunction with 

higher BMI, physical activity levels for TKA recipients after surgery decrease below their pre-

surgery levels, which often fail to meet activity guidelines {Arnold, 2016 #207}. In the interest 

of curbing BMI increases after surgery, there is an interest in investigating strategies for 

increasing exercise adherence after surgery. 

 Patient satisfaction with their TKA surgery has been reported in the range of 75-89%, and 

there is a potential that rehabilitation protocols and activities contribute to a portion of those who 

are dissatisfied {Vissers, 2010 #188}. If rehabilitation for patients receiving TKA were 
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standardized, it may be possible to determine which factors contribute to those dissatisfied. 

However, TKA rehabilitation guidelines vary by provider and as such, have caused issues with 

determining the efficacy of the protocols {Mistry, 2016 #313}. Current literature suggests that 

low-impact activities such as aquatic therapy, ergometer cycling, level-surface walking, group 

exercise therapy, and continuous passive motion therapy are all acceptable and beneficial 

activities for increasing clinical outcome scores, muscle strength, and gait speed {Papalia, 2020 

#238;Zech, 2015 #220}. Certain clinics begin rehabilitation activities before performing a TKA 

procedure, but a meta-analysis determined that this only shortened the hospital stay as opposed 

to more common metrics such as pain and knee extension capacity {Su, 2022 #316}. In fact, 

weight loss programs started after surgery have been shown to be more beneficial than programs 

started before surgery at 26 weeks post-operation {Pellegrini, 2018 #208}. As previously 

mentioned, physical activity levels after surgery are lower postoperatively and BMI tends to 

increase for TKA recipients which highlights the importance of weight loss and cardiovascular 

components in rehabilitation programs {Arnold, 2016 #207}. High and low intensity 

postoperative rehabilitation programs have been compared and showed no significant changes at 

2 or 3 months in variables of interest such as knee range of motion (ROM), quadriceps, and 

hamstrings strength {Bade, 2017 #317}. Bade et al. [18] had all patients perform high or low 

intensity exercises in an outpatient facility, then sent patients home with exercises to do in an 

unsupervised setting.  They reported that home exercise adherence for the high intensity group 

was 7.7% lower which may indicate a decreased desire to perform activities at this level of 

intensity in an unsupervised setting {Bade, 2017 #317}. Many surgeons tend to advise against 

high or medium impact activities postoperatively, approximately 25% and 47%, respectively, of 

TKA patients perform these activities at nearly seven years postoperative follow-up {Papalia, 



4 

 

2020 #238;Mayr, 2015 #326}. High impact activities included activities such as rock climbing, 

dancing, and tennis while medium impact activities included mountain hiking and Nordic 

walking. 

 Cycling is well-studied modality for increasing cardiovascular fitness and a wealth of 

evidence attests to its benefits for reducing all-cause mortality, morbidity, and mortality in 

patients with cancer, coronary heart disease morbidity and mortality, type II diabetes, and obesity 

{Oja, 2011 #217;Logan, 2023 #216}. Stationary cycling provides the benefit of safety from 

motor vehicles and offers the same benefits as commuter or road cycling {Chavarrias, 2019 

#278;Johan de Hartog, 2010 #279}. Specifically, indoor cycling has a potential benefit to 

decrease systolic and diastolic pressure, increase high density lipoproteins, decrease low density 

lipoproteins, and aerobic capacity, but should be combined with diet interventions to maximize 

outcomes {Chavarrias, 2019 #278}. The reductions in blood pressure, specifically, are 

accomplished with increasing effectiveness of cardiovascular musculature, while lipid profiles 

are more likely to be improved in conjunction with exercise and diet interventions. In a study 

using a self-reported physical activity survey, cycling has been associated with weight gain 

attenuation in middle-aged populations, while other common activities such as slow walking and 

swimming were not {Littman, 2005 #342}. Cycling is an activity that reduces required weight-

bearing loads of the knee which decreases tibiofemoral forces compared to gait while 

maintaining cardiovascular benefits such as lowered all-cause mortality, coronary heart disease 

risk, and obesity {Kutzner, 2012 #4;Logan, 2023 #216;Oja, 2011 #217}.  For TKA populations, 

cycling provides cardiovascular benefits while decreasing peak resultant knee joint loads 

compared to walking or other daily activities {Kutzner, 2012 #4}. Moreover, at 40 revolutions 

per minute (RPM) and a power setting of 90 Watts (W) peak resultant knee contact force was 
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approximately 160% bodyweight (BW), on average, compared to the 200-350% BW of other 

daily activities such as stair descent, stair ascent, standing up, and sitting down {Kutzner, 2010 

#408}. As a result, cycling can be recommended to TKA recipients as an excellent way to 

engage in physical activity while minimizing harmful impact and wear on their implant. 

Early in the TKA rehabilitation process, stationary cycling has been implemented and 

frequently recommended to facilitate ROM increases, pain improvement, and patient reported 

outcome scores via surveys {Zech, 2015 #220;Lester, 2022 #412}. Zech et al. {, 2015 #220} 

reported that knee ROM improved, pain decreased, and Wester Ontario and McMaster 

Universities Osteoarthritis Index (WOMAC) scores increased with an exercise regimen started 

approximately 2 weeks after TKA. Continuous x-ray images of ergometer cycling in patients at 

least six months after TKA provided evidence that stationary cycling is encouraged over 

activities such as golf in order to maintain acceptable loading of the implant’s polyethylene insert 

{Hamai, 2008 #319}. Specifically, Hamai et al. {, 2008 #319} demonstrated that TKA implant 

flexion angle excursion in the sagittal plane was favorable and that axial rotation was acceptable 

during cycling. Maintaining the mechanical health of the polyethylene insert is important for 

minimizing the likelihood of implant loosening or failure {Zhao, 2007 #249}.   

Despite the overall decreased kinetic requirements of cycling due to partial bodyweight 

support, TKA patients have shown significantly reduced peak knee extension moments (KEM) 

of the replaced limb compared to the native limb on a cycle ergometer and may find it 

functionally difficult to perform shortly after, e.g., one to two months, after surgery {Hummer, 

2021 #200}. Hummer et al. {, 2021 #200} recruited TKA patients 6 to 18 months post unilateral 

TKA and found that peak KEM was 18.7 ± 5.2 and 24.7 ± 6.9 Nm for the replaced and non-

replaced limb, respectively, for a work rate of 80 W at 80 RPM. A lower peak KEM in the 
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replaced limb is also present in this population with other tasks, such as stair climbing {Yocum, 

2022 #222}. Decreased KEM during physical activities is likely a result of decreased quadriceps 

strength post-TKA which is further exacerbated by muscle attenuation after surgery that does not 

recover at six months post operation {Paravlic, 2022 #301}. In order to accommodate kinematic 

and kinetic deficits of the replaced limb post-TKA, one aspect of bike modifications that may be 

beneficial is adjustment of the crank arm lengths. When shortening crank arms symmetrically, a 

significantly reduced knee range of motion is demonstrated, which is theorized to be beneficial 

for patients managing pathologies such as knee osteoarthritis while maintaining joint-specific 

powers {Barratt, 2016 #508`, Barratt`, 2011 `#286`,Martin`, 2001 `#30}. For individuals 

recovering from a TKA, however, symmetrical reductions in crank length may not be necessary 

and minimal work has been conducted on asymmetrically shortening the crank arms specifically 

for the affected limb of individuals with unilateral lower limb pathologies. Childers et al. 

{Childers, 2014 #225} and Millour et al. {Millour, 2020 #226} have presented asymmetrical 

crank arm usage in transtibial amputees and limb length difference populations. Research on 

asymmetrical cycling interventions, acute or longitudinal, have not been reported in the TKA 

population. The gap in the literature for rehabilitation recommendations for those recovering 

from TKA is evident and acute investigation is warranted into asymmetric crank arm usage and 

its effects on kinematics and kinetics. 

Beyond traditional biomechanics, utilizing musculoskeletal modeling in the TKA 

population is of interest for estimating internal knee contact forces. During cycling, a 23.5% 

decrease has been reported in peak medial tibiofemoral compressive force for the replaced limb 

compared to the non-replaced limb in TKA patients {Hummer, 2022 #169}. Short cycle sprint 

testing has been implemented in TKA patients at 3-, 6- and 12-months post-operation and 
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showed significantly decreased lower limb power output at 3 months and significantly greater 

power output at 12 months {Hurworth, 2021 #229}. Hurworth et al. {, 2021 #229} additionally 

provided Oxford Knee Scores and KOOS scores that improved for each follow-up. These 

findings show support for tracking rehabilitation progress by measuring muscle power in TKA 

populations as a dynamic value instead of maximum muscle force output or more simple metrics 

such as knee range of motion. Musculoskeletal modeling in cycling populations has been 

performed using the standard gait2392 model as well as the Lerner model developed in 2015 

{Lerner, 2015 #171;Hummer, 2022 #169;Hummer, 2021 #200}. Both models consist of one 

degree of freedom (DoF) (flexion/extension) for the tibiofemoral joint. The Lerner model is able 

to dissolve the knee contact forces between the medial and lateral compartments, while the 

gait2392 model is only able to calculate overall tibiofemoral contact force. In a study consisting 

of 6–18-month post-operative TKA patients, the Lerner model was used to assess medial and 

lateral compartmental loading during stationary cycling at 80 RPM with power settings of 80 and 

100 W. Hummer et al. {, 2022 #169} reported that the TKA patients cycled with balanced 

medial and lateral compartment loadings at 80 W, but the medial loading increased with power 

more rapidly in the replaced limb. Specifically, the replaced limb at 80 W had 456.9 and 489.4 N 

of contact force for the medial and lateral components, respectively, while the 100 W condition 

increased the loadings to 597.2 and 411.9 N. An additional study investigated the effect of q-

factor (pedal width) on medial compartment loading in stationary cycling using the Lerner model 

{Thorsen, 2021 #173}. Important findings from this study included the finding that regression 

analyses revealed that knee abduction moment and KEM accounted for 87.4% of the variance in 

medial compartment contact force when q-factor was considered. The findings from Hummer et 

al. {, 2022 #169} show an approximately 21% increase in peak KEM in the nonreplaced limb of 
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TKA patients with no accompanying change in knee abduction moment between limbs. This 

finding is in agreement with reports by Thorsen et al. {, 2021 #173} associating medial 

compartment loading with KEM. 

Problem Statement and Research Hypotheses 

Given the known deficits present in TKA populations in replaced limb kinetics during 

stationary cycling, there is still no literature available that proposes asymmetric cycle ergometer 

adjustments designed to accommodate for these deficits. Asymmetric crank arms have only been 

implemented in two demographics: transtibial amputees and individuals with limb length 

discrepancies {Millour, 2020 #226;Childers, 2014 #225}. In transtibial amputees, kinematic 

symmetry in hip and knee range of motion were obtained, but not kinetic symmetry {Childers, 

2014 #225}. In individuals with limb length discrepancies, knee range of motion significantly 

decreased while perceived exertion was lower; this was accompanied by an increase in maximal 

power output {Millour, 2020 #226}. Cycling intervention studies in TKA populations have 

indeed been conducted, but the use of asymmetric crank arm lengths to ease the patient into 

standard cycling crank lengths has not been seen {Liebs, 2010 #411}. This intervention study, 

however, only found significant beneficial clinical scores for hip arthroplasty patients and not for 

TKA patients. Asymmetrically shortening the crank arm for the replaced limb could be 

iteratively lengthened as rehabilitation progresses to a full-length crank arm, thus gradually 

increasing the required knee range of motion for these patients. Given the existing evidence of 

potential clinical benefits of asymmetric crank lengths in cycling, the frequent recommendations 

to engage in cycling, and the lack of cycling interventions in the TKA population, there is a gap 

in the literature that this research can fill. Therefore, the purposes and hypotheses of this work 

were as follows: 
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Study One  

The primary purpose of this study was to compare the biomechanical profiles of patients with 

unilateral or bilateral TKAs during asymmetrical crank arm length ergometer cycling.  

It is hypothesized that: 

a. Knee ROM, and peak KEM and knee extension power will be lower in the most 

recently replaced knee during asymmetrical crank length conditions when 

compared to the contralateral knee of patients with at least one TKA. 

b. Replaced knee pain and rating of perceived exertion (RPE) will be lower for 

asymmetrical crank length conditions compared to the symmetrical conditions. 

Study Two  

The primary purpose of this study was to assess the quantitative differences between limbs of 

patients with unilateral or bilateral TKAs during asymmetrical crank arm length stationary 

cycling.   

It is hypothesized that: 

a. The difference of peak KEM between limbs will be significantly lower and peak 

hip extension or peak ankle plantarflexion moment differences will be 

significantly greater in bilateral TKA participants compared to unilateral TKA 

participants for all cycling conditions. 

Study Three 

The primary purpose of this study was to assess knee joint loading with OpenSim during 

asymmetrically shortened crank arm conditions for the replaced limb shortly after a TKA 

procedure. 

It is hypothesized that: 
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a. The peak TCF of the replaced limb will be unchanged during the asymmetric 

crank length conditions. 

b. The peak quadriceps muscle force will be significantly lower at shorter crank arm 

lengths compared to the symmetrical, control lengths, which is theorized to occur 

due to the expected decrease in knee ROM. 

Significance 

Cycling is a commonly agreed upon acceptable exercise modality for rehabilitation of 

patients with TKA  and further encouraged for long term physical health. Cycling is an exercise 

that provides significant cardiovascular benefits while reducing potentially harmful, chronic knee 

joints loads that other, higher impact activities impart. Reduction of these loads is not only 

important for implant survival, but also for ensuring the implant recipients can continue to 

engage in exercise unhindered. However, it is a known concern in the TKA population that 

physical activity after surgery declines from a sub-standard pre-operation level. Finding a way to 

engage this population in physical activity as early as possible after rehabilitation could be 

important to their continued adherence to activity post-rehabilitation as well as enhancement of 

their rehabilitation outcomes. TKA participants exhibit significant kinetic deficits in their 

replaced limbs in stationary cycling after a range of 6-18 months after receiving an implant. To 

remedy these asymmetries, this research may provide an alternative method for TKA populations 

to begin cycling earlier in their rehabilitation process. 

Delimitations 

The inclusion criteria for TKA participants are found in Table 3 (all tables are in the appendix). 
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Limitations 

The greatest limitation of this work is the sample size of 7 participants, which is 

exacerbated when splitting this pool into unilateral and bilateral participants. Future work should 

significantly bolster recruitment efforts by recruiting from more than one clinic to obtain 

participants. One of the larger sources of error for this work relates to the placement of the 

retroreflective marker placement on each subject. Markers positions were placed by the same 

researcher, but placement on the same subject for both sessions may have been different. This 

would affect inverse dynamics as well as musculoskeletal simulation results. Additionally, 

kinematic data has an inherent limitation with skin motion creating unwanted marker movement 

during dynamic movements which may be increased in participants with a greater BMI.  A final, 

and significant, limitation of this work relates to the small sample size. Although a power of 0.80 

was reached after a power analysis, this work can be considered exploratory with the primary 

goal of an expanded subject pool in the future.  
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Chapter 2: Literature Review 
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Total Knee Arthroplasty 

Pathology and Epidemiology 

Total knee arthroplasty (TKA) is a surgical procedure that can involve reshaping and 

resection of bone and meniscus at the patellofemoral and tibiofemoral joints {Varacallo, 2023 

#251;Parsons, 2021 #259}. TKA procedures have had a positive growth rate since 2000 and have 

a projected annual growth rate of 4.44% while surpassing 480,000 surgeries in 2019 {Shichman, 

2023 #224}. The purpose of the surgery in many cases is to remedy primary knee osteoarthritis 

(OA) by restoring an individual’s quality of life, decreasing pain, and attempting to halt 

structural decay of the involved bones {Varacallo, 2023 #251;Guo, 2018 #260}. Women 

undergo more TKA procedures than men, which is likely a result of articular cartilage loss at 

four times the yearly rate as men {Hanna, 2009 #307;O'Connor, 2011 #310}. Additional factors 

proposed to affect women’s likelihood for OA development include increased q-angle, lower 

limb muscle strength, increased knee laxity, and hormonal differences {Black, 2022 #410}. 

Women also tend to have more unfavorable outcomes such as implant failure, pain and 

depressions levels, obesity, and additional symptomatic joints after TKA than men, but some 

authors have concluded that sex specific TKA implants result in similar outcomes {Vina, 2020 

#311;Mehta, 2015 #312;Johnson, 2011 #308}. Further factors for knee OA progression 

consideration include high body mass index (BMI),  slower chair-stand time, and larger bone 

marrow lesions {Driban, 2020 #402}. Additionally, individuals who developed knee OA within 

a four-year follow-up period exhibited more radiographic symptoms at the initial time point 

which identified it as a risk factor compared to peers who did not develop knee OA.  

Patients who undergo one TKA have a 46% chance of having a contralateral TKA 

procedure done within ten years {Shao, 2013 #205}. Maximizing TKA outcomes such as 
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implant survival requires a wide scope of factors to be considered to prevent revision TKA 

surgeries that are higher risk of complications such as increased hospital stay, operation time, 

and economic cost than the initial implant procedure {Nham, 2023 #184}. The most common 

comorbidities for a revision TKA include obesity, hypertension, and diabetes {Nham, 2023 

#184;Mak, 2020 #203}. Obesity and BMI are also significant indicators of needing an initial 

TKA procedure {Kulkarni, 2016 #204;Nicholls, 2012 #202}. Having a BMI score in the obese 

range introduces more risk factors into post-operative joint arthroplasty recovery, as well, such 

as delayed functional recovery and health complications such as infection or thromboembolic 

events that have a high mortality rate {Lui, 2015 #209;Vaqar, 2023 #210}. BMI increases after 

TKA surgery are common and there is a large discrepancy in physical activity levels of post-

surgery TKA patients and healthy controls {Barahona, 2023 #206;Arnold, 2016 #207}. Arnold et 

al. {, 2016 #207} demonstrated that TKA patients tend to perform less physical activity a year 

from surgery compared to their healthy control peers. However, exercise interventions designed 

to promote weight loss started after surgery have been shown to be more effective relative to the 

same program started prior to surgery {Pellegrini, 2018 #208}. A high BMI is not only a 

predictor for TKA likelihood but also is associated with increased inpatient surgery costs and 

episode of care costs {Dowsey, 2011 #415}. An episode of care consists of the entire instance of 

medical care for a patient at a hospital, excluding surgery, which consists of hospital inpatient 

costs, readmissions, and emergency presentations. Dowsey et al. {, 2011 #415} reported a BMI-

associated increase of $1,226.89 for inpatient surgery and an increase of $1,821.36 for episode of 

care costs. Further, between obese and non-obese patients, there was a significant increase in 

diabetes mellitus occurrence, complications, and unplanned readmissions.  
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Knee OA is often quantitatively assessed radiographically with the Kellgren-Lawrence 

(KL) scale proposed in 1957 {Kellgren, 1957 #136}. While other systems are for OA severity 

classification exist such as the Fairbank and Ahlbäck scales, the KL system is the most widely 

used. The KL system has been shown to have good inter- and intra-observer correlation 

coefficients of 0.83 {Kohn, 2016 #33}. Higher scores on the KL scale are commonly a precursor 

to TKA approval by insurance companies and is graded at five levels from 0 to 4 and, which 

ranges from no joint space narrowing visible or deformities to obvious joint space narrowing, 

large osteophyte formation, and bone end deformities {Kohn, 2016 #33}. The medial and lateral 

compartments of the knee are involved with a TKA, as opposed to unicompartmenal knee 

arthroplasty, and a tibial tray with a polyethylene insert are used to replace the proximal tibia. 

Alignment of the femur and tibia in the frontal plane along their respective longitudinal axes are 

of interest in knee OA and, subsequently, TKA populations.  

Individual lower limb alignment can be classified into neutral, valgus, and varus 

alignments with a radiographically measured knee mechanical axis angle, or commonly referred 

to as the hip knee angle, of 180°±2, >182°, and <178°, respectively {Sharma, 2010 #474}. 

Statically, varus alignment results in greater contact between the femur and tibia at the medial 

compartment, while valgus alignment results in greater contact at the lateral compartment 

{Ginesin, 2018 #416}. Ginesin et al. {, 2018 #416} reported that children frequently have more 

severe degrees of valgus knee alignment, but this valgus alignment often self-corrects to 

approximately 7 or 8°. Additionally, due to pelvic structure and consequent q-angle changes, 

women tend to have a greater degree of valgus {Mitani, 2017 #510}.  This is most likely a 

contributing factor to the increase in OA prevalence among women and their subsequent increase 

in likelihood for TKA. Generally, varus alignment relates to the risk of medial knee OA, while 
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valgus alignment relates to the risk of lateral knee OA. The association of valgus alignment with 

OA risk is further strengthened with lateral compartment OA progression specifically, with varus 

alignment increasing the odds of medial compartment OA progression {Sharma, 2010 #474}. In 

a longitudinal study conducted with cohorts from the Multicenter Osteoarthritis Study and the 

Osteoarthritis Initiative, approximately 73% of the knees that developed OA were in the medial 

compartment, with the remaining 27% in the lateral compartment {Wei, 2019 #511}. Results 

from this work reported that obesity and varus knee alignment were significantly more 

associated with medial knee OA than lateral knee OA by 95% and 466%, respectively. These 

findings suggest that varus malalignment and medial knee OA are the most commonly occurring, 

with even greater incidence in obese populations. Increased amounts of valgus combined with 

the frequent obesity of knee OA populations are important factors for TKA prediction. 

According to a longitudinal study of 1,030 participants to assess lateral knee OA risk factors, the 

prevalence of normal, valgus, and varus alignments were 29.9%, 56.5%, and 13.7%, respectively 

{Modenese, 2018 #163}. This study reported that medial knee OA was present in 16% of the 

participants, and lateral knee OA was present in 4.3% of the participants. In an observational 

study that assessed 2958 knees, it has been reported that the percentage of neutral, valgus, and 

varus knees was approximately 39.2%, 19.4%, and 41.4%, respectively {Sharma, 2010 #474}. 

Sharma et al. {, 2010 #474} reported that medial knee OA was significantly more likely to 

develop in individuals with varus alignment, but not valgus, when accounting for variables such 

as knee strength, laxity, injury, BMI, gender, and age. Malalignment can lead to increased grades 

of knee OA and in some cases, the cartilage damage can lead to further malalignment and joint 

space narrowing {Ginesin, 2018 #416;Duffaut, 2023 #409}. Injury to knee ligaments may also 

lead to compromised alignment and knee OA progression regardless of BMI or behavioral 



17 

 

factors such as physical activity levels {Duffaut, 2023 #409}. A main concern of accelerated 

cartilage damage due to malalignment after unilateral TKA is the likelihood of the patient 

requiring a contralateral TKA in the future. Interestingly, biomechanical factors such as peak 

knee (external) adduction moment, knee ROM, and peak knee flexion and extension angles were 

not significantly different in unilateral TKA patients that did and did not receive a contralateral 

implant within approximately nine years of their original surgery {Aljehani, 2022 #306}. As a 

result, contralateral TKA likelihood may be based on additional factors that were not measured 

by Aljehani et al. {, 2022 #306}. 

Prevalence of radiographic knee OA in men, for either knee, has been reported to be 

approximately 27.7% and 34.6% in women from a large cohort (n=4151, age range 22-93) taken 

from the Copenhagen Osteoarthritis Substudy database {Laxafoss, 2013 #418}. This database 

provides a unique opportunity to assess the behavior of knee alignment through a wide age 

range. Laxafoss et al. {, 2013 #418} concluded that diseased knees tended to produce varus 

alignment while knees without radiographic OA signs tended to shift to valgus alignment with 

increasing age. This conclusion is unique and rare because of the longitudinal nature of the work 

and helpful in the interpretation of other, commonly cross-sectional, studies of knee OA 

populations in the field of biomechanics. Progression of compartmental OA tends to be 

accelerated for the medial compartment according to data obtained from the Osteoarthritis 

Initiative {Everhart, 2019 #419}. Participants underwent magnetic resonance imaging (MRI) at 

baseline and at a two year follow up to assess cartilage defect progression characteristics. It was 

reported that medial defects increased significantly in size and independent predictors of defect 

size progression were varus alignment and increased weight of the participant. These data 

suggest that body mass is a significant variable for knee OA progression and that medial 
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compartment, as well as total, knee loading should be minimized whenever possible in OA and 

TKA populations. 

Implant Type and Alignment 

Multiple TKA implant design types exist and vary based on original anatomy 

preservation and implant DoF or motion restriction {Varacallo, 2023 #251}. Conflicting 

evidence has been presented to address implant design superiority for native knee characteristics, 

functional outcomes, survivorship, contact positions, kinematics, and kinetics between popular 

designs such as cruciate-retaining (CR), bi-cruciate-retaining (BCR), cruciate-substituting (CS) 

and posterior-stabilized (PS) designs {Song, 2019 #261;LeDuc, 2023 #254;Li, 2014 #255;Zelle, 

2009 #257;Gray, 2020 #256;Broberg, 2020 #258;Tsai, 2019 #80;Boese, 2021 #268;Arnout, 2020 

#267}.  

CR designs retain the original posterior cruciate ligament of the patient and a recent 

review indicated that clinical scores between CR and PS designs are undetectable, have 

improved survivability, and decreased operating times {Yang, 2023 #403}. Debate continues 

amongst surgeons and researchers about the level of importance in TKA procedures of the 

posterior cruciate ligament (PCL), which acts to constrain posterior tibial translation while 

allowing for femoral rollback during activities of deep flexion {Movassaghi, 2023 #404}. The 

removal of the PCL for PS designs involves a cam-post structure on the tibial tray that is 

designed to perform similar roles to the native PCL that allows for a certain degree of femoral 

rollback. Complete sacrifice of the cruciate ligaments for PS designs has been associated with 

problematic outcomes such as accelerated implant wear and patellar clunk {Movassaghi, 2023 

#404}. Patellar clunk is a symptom that results from scar tissue development superior to the 

patella and manifests as a painful, sometimes audible clunk, during active knee extension in the 
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range of approximately 30-45° of flexion {Putman, 2019 #405}. CS designs are not new in the 

implant space, but with the improvement in modern polyethylene compounds has reduced the 

concerns regarding wear that were common in the past {Volkmar, 2022 #406}. CS implants, 

theoretically, can combine benefits of PS and CR designs by not requiring the PCL to be 

adjusted to balance flexion and extension. Additionally, CS implants do not need a femoral box, 

the use of which can be linked to crepitus that may present in PS implants . One of the primary 

differences in CS designs compared to CR designs is an increased degree of congruency in the 

polyethylene inserts between the tibial and femoral components for CS designs {Volkmar, 2022 

#406}. BCR designs maintain the original anterior cruciate ligament (ACL) and PCL and are the 

most modern and as such, have the least amount of literature regarding long-term outcomes 

{Sabatini, 2021 #269}. A meta-analysis by LeDuc et al. {, 2023 #254} concluded that no 

significant differences were present between CR and CS implant groups in survivorship, clinical 

scores, or ROM. When comparing PS to CR implants, Li et al. {, 2014 #255} found an 

approximately 11° increase in knee flexion ROM in the PS group, but no differences in knee 

society scores (KSS) or survivorship. Broberg et al. {, 2020 #258} performed radiostereometric 

analysis (RSA) from 0° to 100° of knee flexion for PS and CR implant designs and found no 

significant differences in condylar separation frequency, medial excursion, or clinical outcome 

scores. The purpose of RSA is to examine implant component migration and assess implant 

survival based on actual or predicted implant loosening. RSA is performed by embedding 

tantalum, or another similar material, markers into the patient’s bone and examining them at 

regular 6-month intervals to quantify any motion occurring between the bone and the implant. 

However, the PS group exhibited greater lateral excursion as well as decreased timed-up-and-go 

(TUG) test timings {Broberg, 2020 #258}.  
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Once an implant design has been chosen, aligning the implant kinematically or 

mechanically becomes a surgical choice that has no clear consensus within contemporary 

literature {Blakeney, 2019 #190;Risitano, 2022 #192;Blakeney, 2019 #190;Williams, 2020 #46}. 

Inconclusive evidence has been presented as to whether kinematically or mechanically aligned 

implants are more favorable to achieve desired patient outcomes and gait characteristics 

{Blakeney, 2019 #190;Rivière, 2017 #315}. Kinematic alignment (KA) approaches aim to 

reinstitute native knee kinematics in the replaced knee by restoring tibiofemoral axial and frontal 

orientation as well as surrounding soft tissue laxity {Blakeney, 2019 #190}. Further, restricted 

kinematic alignment (rKA) has been proposed with a five-goal approach that attempts to 

maintain as much native bone and soft tissue structure as possible {Vendittoli, 2021 #272}. 

Evidence has been presented to support the superiority of rKA over mechanical alignment (MA) 

based on a decrease in excessive varus and valgus alignment while providing similar outcome 

metrics and implant failure rates {Risitano, 2022 #192}. It is important to note that the 

systematic review done by Risitano et al. {, 2022 #192} did not compare rKA to KA and that 

long term follow-ups were not available at the time of publication.  

MA approaches require frontal plane x-ray views of the patient to determine coronal 

alignment implant orientation {Moreland, 1987 #177}. MA methodology has been considered 

the dominant strategy for alignment historically and attempts to equally distribute medial and 

lateral compartment loads to reduce implant wear {Hohman, 2015 #271}. Determining coronal 

alignment should be done in a standing, weight-bearing position with a full-length view to 

determine the hip-knee-angle (HKA) as radiograph short views are inadequate for this purpose 

{Diamond, 2016 #127;Dargel, 2016 #244}. HKA is defined as the angle between the mechanical 

axes of the femur and tibia. Coronal alignment determined on the short anteroposterior (AP) 
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view of the knee can result in an approximately 14% or 33% alignment misclassification for 

preoperative and postoperative images, respectively {Diamond, 2016 #127}. The standard, 

close-up anteroposterior (AP) view of the knee can be beneficial for implant alignment 

assessment post-surgery unless a weight-bearing position to assess the hip to ankle mechanical 

axis is desired {Skyttä, 2009 #246}. Both long and short radiographs are beneficial for assessing 

implant alignment and quality after surgery, which is critical for early identification of problems 

such as aseptic loosening, ligament laxity, and polyethylene wear {Kumar, 2014 #186}. 

Additionally, a skyline view of the knee is beneficial for assessing patellar morphology which 

has been linked to pain changes during stair navigation tasks {Aït-Si-Selmi, 2020 #270}. 

Specifically, Aït-Si-Selmi et al. {, 2020 #270} described TKA patients without patellar 

resurfacing as having more pain during stair ascent and descent based on characteristics such as 

larger or smaller medial patellar facets. Mechanical alignment can be achieved through 

dependent or independent bone cuts and no difference has been found between the 

methodologies when gait parameters, patient reported outcomes, and patient satisfaction are 

compared {Miozzari, 2021 #305}. 

Longitudinal studies comparing alignment strategies in TKA biomechanically are rare, 

however, work presenting patient reported outcomes (PROs) between the alignment types has 

been published {Dossett, 2023 #502;Miura, 2023 #503;Gao, 2020 #504}. Dossett et al. {, 2023 

#502} followed 48 patients with a mixture of kinematically and mechanically alignment knee 

implants over a 13-year period. Upon completing five commonly utilized surveys, it was 

determined that there were no statistical differences in PROs, major and minor reoperations, or 

patient satisfaction. Miura et al. {, 2023 #503} performed a meta-analysis on implants aligned 

via MA, KA, or rKA for ten large scale randomized control trials and 1,008 knees with 1.5 years 
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as the median follow-up time. Overall, the findings were inconclusive as all presented results 

were with very low confidence. Confidence, or certainty of evidence, in healthcare decision 

making arise from comparing the sample confidence interval to some defined clinical decision 

making boundary. Miura et al. {, 2023 #503} do not explicitly state their boundary for their 

meta-analysis. The only reported differences occurred between the tibial and femoral 

components in their frontal plane alignments between the methodologies. Results from this 

analysis should be considered carefully and with caution. Gao et al. {, 2020 #504} also 

performed a meta-analysis on randomized control trials in TKA patients receiving MA or KA 

implants, but only in the follow-up range of 6 to 24 months after surgery. The KA group did 

demonstrate improved knee flexion ROM at the follow-up, but no other differences were found 

from a wide range of variables such as knee extension ROM, tibiofemoral alignment, tibial 

component slope angle, or survey scores. 

TKA Rehabilitation 

Recommendations 

 Unlike knee OA populations, TKA rehabilitation and management recommendations are 

not consolidated or commonly disseminated amongst clinicians. Organizations such as the 

Osteoarthritis Research Society International and the American College of 

Rheumatology/Arthritis have statements and guidelines about OA, while analogs for TKA do not 

exist {Bannuru, 2019 #8;Miozzari, 2021 #305;Kolasinski, 2020 #9}. As a result, TKA 

rehabilitation procedures vary among providers, which, has caused issues with determining the 

efficacy of the protocols {Mistry, 2016 #313}. In fact, a review of recommendations for patients 

having received a hip or knee prosthesis reported that no study quantified recommendations for 

limiting sedentary behavior or increasing physical activity to a certain threshold {Mooiweer, 
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2022 #407}. If patients are being directed to rehabilitation sessions with minimal to no guidance 

on their behavior after the rehabilitation protocol is complete, ensuring optimal or even positive 

outcomes is likely to be difficult. The amount of rehabilitation sessions and length of sessions is 

variable, but some studies see patients three times a week in their first six weeks post-operation 

and then decrease the visits to twice a week afterwards for the next five weeks {Bade, 2017 

#317}. Current literature suggests that low-impact activities such as aquatic therapy, ergometer 

cycling, level-surface walking, group exercise therapy, and continuous passive motion therapy 

are all acceptable and beneficial activities for increasing clinical outcome scores, muscle 

strength, and gait speed {Papalia, 2020 #238;Zech, 2015 #220}. Certain clinics begin 

rehabilitation activities before performing a TKA procedure, but a meta-analysis determined that 

these pre-surgery efforts only shortened the initial hospital stay as opposed to improving more 

common outcomes such as pain and knee extension capacity {Su, 2022 #316}. Weight loss 

programs started after surgery have been shown to be more beneficial than programs started 

before surgery when compared at 26 weeks post-operation {Pellegrini, 2018 #208}. As 

previously mentioned, physical activity levels after surgery are lower postoperatively and BMI 

tends to increase for TKA recipients which highlights the importance of weight loss and 

cardiovascular components in rehabilitation programs {Arnold, 2016 #207}.  

High and low intensity postoperative rehabilitation programs have been compared with 

no significant changes at 2 or 3 months in variables of interest such as knee ROM, and 

quadriceps and hamstrings strength {Bade, 2017 #317}. The high intensity group received more 

balance, agility, weight-bearing, and walking prescriptions than the low intensity group. The 

main differences for the low intensity group were that the initial rehabilitation focus was on 

isometric and ROM exercises, a slower transition to weight-bearing activities, no added 



24 

 

resistance beyond body weight or elastic bands, and a slower progression into more difficult 

weight-bearing activities. Interestingly, the high intensity group was given a goal of 30 minutes 

of uninterrupted walking before progressing to commonly recommended, lower impact activities, 

such as swimming and cycling. Bade et al. {, 2017 #317} reported that home exercise adherence 

for the high intensity group was 7.7% lower which may indicate a decreased desire to perform 

activities at this level of intensity. While many surgeons tend to advise against high or medium 

impact activities postoperatively, approximately 25% and 47%, respectively, of TKA patients 

perform these activities at nearly seven years postoperative follow-up {Papalia, 2020 #238;Mayr, 

2015 #326}. High impact activities included activities such as rock climbing, dancing, and tennis 

while medium impact activities included mountain hiking and Nordic walking. Mayr et al. {, 

2015 #326} did not find evidence of component wear or loosening with radiographic follow-up 

scans for patients participating in activities at any level. Comprehensive review of 

recommendations for amount physical activity and interventions for reducing sedentary activity 

has resulted in the conclusion that little or no attention is given to the patient’s post-operative 

physical activity levels {Mooiweer, 2022 #407}. Despite a consensus on specific activities that 

are encouraged or discouraged, it is important to prescribe amounts and frequencies of activity 

for this population that tend to have difficulty adhering to activity schedules.  

Surgeon recommendations for return to sport time and allowed activities are mostly 

guided by experience and moderated by higher patient expectations {Vu-Han, 2020 #421}. Vu-

Han et al. {, 2020 #421} designed a questionnaire for German surgeons concerning arthroplasty 

and their management of patients with high expectations to return to sport . Surgeon responses 

showed that 54.5% considered physical activity ‘important’ after TKA, 29.7% considered it 

‘very important,’ and approximately 11% stated it was ‘unimportant’ or ‘irrelevant’. 36.6% of 
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responses did not recommend a return to high impact sports at all, while 53.5% recommended 

high impact sports after ‘adequate training.’ No further elaboration was provided for what 

constitutes ‘adequate training,’ which contributes to the lack of unity in surgeon and clinician 

recommendations for these patients. The results from this survey demonstrate that measuring 

outcomes and determining rehabilitation efficacy is difficult not only due to implant types and 

patient factors, but also inconsistent surgeon recommendations and guidelines. Study results 

including arthroplasty patients from a wide variety of surgeons, physical therapists, and 

rehabilitation protocols make interpretation and comparisons difficult on a large scale. Future 

work in epidemiology may consider consolidating some of these variables in order to isolate the 

effects of specific components of the surgical process, such as rehabilitation. 

Satisfaction and Outcomes 

Despite recent surgical approach innovations and implant design improvements, 

significant long-term pain is reported in approximately 20% of TKA patients {Beswick, 2012 

#253}. Pain measurement scales commonly used in clinical scoring are the Numerical Rating 

Scale (NRS) and the Visual Analog Scale (VAS) which have previously been validated to 

measure pain intensity and measure pain from 0 (no pain to 10 (severe pain) {Thong, 2018 

#262}. These scales measure pain as a single ordinal value. surveys such as the Pain 

Catastrophizing Scale (PCS) have been developed using multiple ordinally scored questions to 

identify the psychological and psychosocial aspect of pain in clinical populations. The PCS score 

ranges from 0 to 52 and consists of 13 questions on a 5-point Likert scale of 0 (never) to 4 

(always) {Franchignoni, 2022 #327}. The PCS has been deployed in knee OA populations 

before and after surgery as a predictor of chronic pain more than three months after surgery 

{Burns, 2015 #263;Ong, 2021 #264;Birch, 2019 #252}. Birch et al. {, 2019 #252} reported that 
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patients with a PCS score over 21 possessed poorer physical function and general health before 

and after TKA than those with a PCS score below 11.  

Kinesiophobia is defined as pain-related fear of movement that can alter physical activity 

levels. Kinesiophobia, as scored by the Tampa Scale of Kinesiophobia (TSK), is a documented 

barrier to TKA outcomes and it is important to develop strategies for encouraging exercise 

modalities that are more comfortable and perceived to be less injury prone for these 

patients{Kazarian, 2021 #215}. When comparing high and low kinesiophobia groups, 60% of 

pain level and 47% of knee flexion ROM deficits could be explained by the group affiliation 

{Güney-Deniz, 2017 #218}. Using the TSK, patients can be placed into groups based on 

improvement trajectory that are predictable based on BMI, heart disease and pain level {Yan, 

2023 #265}. Activities for rehabilitation need to be objectively less demanding and subjectively 

less painful or anxiety-inducing to elicit rehabilitation program adherence which already has 

multidimensional barriers {Bakaa, 2022 #219}. The American Association for Hip and Knee 

Surgeons has previously provided a consensus that no activity restrictions should be placed on 

low-impact tasks such as swimming, level walking, and level bicycling {Swanson, 2009 #239}.  

Many additional surveys have been developed to encompass pain, quality of life, and 

daily functional capacity in OA or TKA populations such as the Western Ontario and McMaster 

Universities Arthritis Index (WOMAC), the Knee Injury and Osteoarthritis Outcome Score 

(KOOS), and the Knee Society Knee Scoring System (KSS). The WOMAC encompasses three 

domains: pain, stiffness, and physical function with ratings on an ordinal 0 (never) to 4 (always) 

Likert scale for a total of 96 possible points; the majority of which relate to physical function. 

Pain and physical function subsection reliability, validity, and responsiveness in orthopedic 

groups have been investigated and deemed acceptable, however, the stiffness subscale has not 
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shown sufficient test-retest reliability {McConnell, 2001 #328}. The KOOS survey is an 

extension of the WOMAC that evaluates short- and long-term outcomes in a variety of clinical 

populations and is a valid, reliable, and responsive survey for TKA populations {Nilsdotter, 2003 

#142}. Additionally, the KOOS has been compared to the WOMAC in TKA populations and 

evidence has shown that the KOOS has improved validity. The KOOS is a 42-item survey with 

five subscales: pain, other symptoms, function in daily living, function in sport and recreation, 

and quality of life. The largest effect size for the KOOS most commonly comes from the quality 

of life subscale, followed by the pain subscale {Nilsdotter, 2003 #142}. The KOOS score ranges 

from 0 (extreme problems) to 100 (no problems). The KSS survey consists of four subscales: 

knee score, patient satisfaction score, patient expectation score, and functional activity score. The 

KSS survey was updated in 2012 after its inception in 1989 and has shown moderate-sized 

Spearman correlation coefficients with the KOOS but did not demonstrate advantages over the 

KOOS in validity or internal consistency {Culliton, 2018 #331}. 

Cycling in Healthy Populations 

Benefits 

 Cycling is a well-studied modality for increasing cardiovascular fitness and a wealth of 

evidence attests to its benefits for reducing all-cause mortality, cancer morbidity and mortality, 

coronary heart disease morbidity and mortality, type II diabetes, and obesity {Oja, 2011 

#217;Logan, 2023 #216}. Stationary, or indoor, cycling provides the benefit of safety from 

motor vehicles and offers the same benefits as commuter or road cycling {Chavarrias, 2019 

#278;Johan de Hartog, 2010 #279}. Specifically, research indicates indoor cycling has a 

potential benefit to decrease blood pressure, increased serum HDL, decreased serum LDL, 

decreased cholesterol, and increased aerobic capacity, but should be combined with diet 
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interventions to maximize outcomes. In self-reported physical activity surveys, cycling has been 

associated with weight gain attenuation in middle-aged populations, while other common 

activities such as slow walking and swimming were not {Littman, 2005 #342}. For TKA 

populations, cycling provides cardiovascular benefits while decreasing peak resultant knee joint 

loads compared to walking or other daily activities {Kutzner, 2012 #4}. Moreover, at 40 RPM 

and a power setting of 90 Watts (W) peak resultant force was approximately 160% bodyweight, 

on average, compared to the 200-350% BW of other daily activities such as stair descent, stair 

ascent, standing up, and sitting down {Kutzner, 2010 #408}. As a result, cycling can be 

recommended to TKA recipients as an excellent way to engage in physical activity while 

decreasing harmful impact and wear on their implant.  

Power and Force Measurement 

Rider power output on a bicycle is most frequently measured in Watts as a measure of 

work per unit time. Early laboratory measurements of cycling power in the 1970’s relied on 

instrumentation such as strain gauges applied to the bicycle cranks {Daly, 1976 #339}. Strain 

gauges operate on the principle of electrical resistance changes as a result of force application on 

an object or surface attached to the strain gauge. Force plates using strain gauges in each of the 

four corners operate on this idea. Once the resistance change has been quantified, it can be 

translated into force or a variety of other mechanical variables such as tension. Measuring 

applied force at the pedal requires force sensing sensor(s), proper constructions of a pedal that 

can accommodate force measuring sensor(s), and proper determination of sensor locations within 

the pedal. Additional math and calculations are needed in order to determine the crank torque 

and power, as there is a distance from the measurement point at the crank to the point of force 

application- the pedal itself. In 1979, a publication demonstrated perhaps the first creation of a 
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set of pedals that were instrumented with strain gauges to allow for more direct measurement of 

forces at the rider-pedal interface {Soden, 1979 #340}. Pedal-based strain gauge power 

measurement systems are still being developed contemporarily and are popular commercially for 

their ease of transfer between bicycles, wireless capabilities, and affordability {Montalvo-Pérez, 

2021 #34;Rodríguez-Rielves, 2021 #35}. Piezoelectric transducers have also been introduced to 

measure pedal reaction forces (PRF) measured in Newtons (N) triaxially in laboratory settings 

which has allowed for high resolution analyses of individual pedal cycles {Fang, 2016 

#52;Hummer, 2021 #200;Hummer, 2021 #200}. Piezoelectric sensors, however, tend to have an 

output drift under load for extended periods of time, which is not as prevalent an issue for strain 

gauge measurements. 

Monitoring force applied to the pedal, torque applied to the crank, and power output of 

the rider is of interest in areas such performance and rehabilitation to track progress or monitor 

recovery. Not only can force application be quantified, but joint moment estimations can be 

gained in combination with experimentally measured kinematics during cycling. The assessment 

of bilateral force application is important not only to assist with performance, but to evaluate risk 

for pathologies such as knee OA which may affect one limb more than the other. Joint moments 

are a critical component of investigating human movement and especially for evaluation of 

interventions that have a clinical relevance. For example, without the measurement of pedal 

force it would be impossible to determine the effects of cycling interventions on the magnitude 

of sagittal plane knee moments. Determining the power output of the rider is typically done by 

taking the product of force tangential to the crank, crank length, and crank angular velocity 

{Bini, 2014 #324}. Formulas to calculate power output vary depending on the modality of 

measurement device as some sensors provide triaxial force, normal force, or shear forces. Some 
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examples of sensor types are strain gauges, capacitive load cells, chain tension sensors, and 

piezoelectric sensors {Bini, 2014 #324}. Sensor type when combined with the use of cleats is 

important to understand because cleats restrict the user to a specific position on the pedal while 

toe clips allow for more variance in foot position on the pedal {Bini, 2014 #324}. 

Bike Fit and Modification 

 Fitting the bicycle to the individual is a critical component of acquiring accurate and 

reproducible kinematic and kinetic data because adjustments in bike components elicit different 

biomechanical responses. Bike fit component adjustment includes, but is not limited to, 

modifications in body position, saddle (seat) position, handlebar position, and crank arm lengths. 

Additional factors of interest that alter biomechanical responses in cycling are cadence, 

commonly reported as crank RPM, and resistance such as workload and workrate, commonly 

reported as kilogram (kg) or N of braking force or Watts {Fang, 2016 #52;Bini, 2010 #108}. 

While no explicit bike fit consensus has been published, an overview of a variety of methods has 

been presented below. 

Overall upper body position during cycling has an important effect on cycling in terms of 

power output and knee and hip joint work {Bini, 2014 #324;Hubenig, 2011 #281}. Hubenig et 

al. {, 2011 #281} recruited females with aerobic training and reported that a decreased power 

output resulted from an aerodynamic position (152.7 ± 28 W) compared to an upright position 

(159.7 ± 33.1 W). An aerodynamic position is commonly adopted in competitive cycling and 

means the rider is in a more hunched position with greater trunk and hip flexion. Bini et al. {, 

2014 #280} performed a more comprehensive biomechanical analysis on body position by 

comparing preferred, most forward, and most backward positions. The positions were defined by 

the rider moving their hips forward or backwards on the saddle and did not include movement of 
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the saddle itself in the AP direction. Two-dimensional instrumented pedals were used to record 

applied pedal force and electromyography (EMG) was implemented to determine muscle activity 

changes while kinematics were recorded and synchronized with an external trigger. A forward 

position resulted in significant differences in knee joint angle, knee joint work, rectus femoris 

activation, and hip joint work while no significant changes in ankle kinetics or kinematics were 

discovered {Bini, 2014 #324}. Knee range of motion was reduced by 8% and knee work increase 

by 6% at the most forward position on the saddle compared to the backward and preferred 

position. Hip work was reduced by 28% at the forward position compared to the preferred 

position. These results show a general trend that the knee contributes more to each revolution of 

the crank at a more forward position and, therefore, that the body’s position on the saddle must 

be considered for populations with hip or knee joint concerns. 

Saddle height adjustments are critical considerations for certain patient populations as 

decreased saddle height has been shown to increase patellofemoral compressive forces, likely as 

a result of increased anteroposterior distance of the knee from the pedal {Ericson, 1987 #283}. A 

wide range of methods for determining saddle height have been proposed in the past, with many 

of them falling into categories based on limb length, trochanteric height, inseam length, or knee 

joint angle measurements {Bini, 2011 #105}. Named methods that appear frequently in the 

literature are the LeMond method, the Hamley and Thomas method, and the Holmes et al. 

method {Hamley, 1967 #332;Holmes, 1994 #333}. The LeMond method requires the distance 

from the top of the saddle to the center of the bottom bracket to be 88.3% of the inseam leg 

length of the rider {Bini, 2011 #105}. While not scientifically developed, the method was used 

by multiple Tour de France champion Greg LeMond, lending some credence to the 

methodology. The Hamley and Thomas method simply requires the saddle height to be 109% of 
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the inseam leg length. The Holmes et al. method utilizes a knee flexion angle or range of angles 

at bottom dead center of the pedal stroke to determine saddle height for a variety of clinical 

populations. Specifically, Holmes et al. {, 1994 #333} recommended knee flexion angle ranges 

of 25°-30° for quadriceps tendinitis and patellofemoral ligament injuries while 30°-35° is 

recommended for iliotibial band syndrome and biceps tendinitis. 

 Whole body kinematics on a bicycle are inherently tied to the saddle, or seat, height and 

even minor saddle height changes have shown changes in cardiovascular function and lower 

body kinematic and kinetic behavior {Ferrer-Roca, 2014 #282;Bini, 2010 #108;Bini, 2011 

#105}. Ferrer-Roca et al. {, 2014 #282} adjusted saddle heights ± 2% from a preferred position 

in trained cyclists and found that VO2 max was negatively impacted by higher saddle height and 

that ROM of the hip, knee, and ankle increase by 1°, 3° and 4°, respectively with increased 

saddle height. Concurrent with the ROM changes, only the knee and ankle angular velocity were 

significantly affected by the higher compared to preferred and lower seat heights. Adjustments in 

muscle work, joint ROM, and energetics are unsurprising, as saddle height changes muscle 

lengths, joint angles, and muscle moment arms, which in turn alter length-tension and force-

velocity relationships of the involved musculature {Delp, 1990 #465}. Bini et al. {, 2010 #108} 

used the trochanteric height method to determine seat height and altered in by ± 3cm for a higher 

and lower condition in male participants without competitive cycling experience. With 

increasing saddle height, the ankle joint work contribution to total work increases significantly, 

the knee joint work contribution decreases, and the hip joint work contribution was not affected 

{Bini, 2010 #108}. From low to high saddle height positions, the ankle work contribution 

increased from approximately 3.5% to 4.25% while the knee joint contribution changed from 

approximately 42% to 39%. The authors proposed that the knee work reduction was beneficial 
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for soft tissue off-loading and that consideration should be given to ensure saddle height is not 

lowered 3 cm below trochanteric height in populations with knee injury or local anterior pain 

{Ericson, 1987 #283;Bini, 2011 #105;Hamley, 1967 #332;Bini, 2011 #105}.  

Following the presentation of the various saddle height methodologies, it has been 

debated amongst the community which is most optimal, and a review done by Bini et al. {, 2011 

#105} summarizes key findings and missing information in cycling literature relating saddle 

height to injury risk and performance. It should be noted that ‘most optimal’ bike fit depends on 

the population in question as professional cyclists do not have the same priorities or 

considerations that clinical populations do. Limb length measurements to determine saddle 

height can be problematic due to the variability in lower limb morphologies of the femur, tibia, 

and feet {Peveler, 2011 #423}. Even a 4 or 5% increase or decrease in saddle height can result in 

up to 25% difference in knee ROM {Sanderson, 2009 #424}. Muscle activity changes due to 

saddle height do not provide conclusive evidence for saddle height recommendations alone, but 

increased quadricep and hamstring activity has been shown when changing saddle height from 

100 to 95% trochanteric height {Jorge, 1986 #356}. The review by Bini et al. {, 2011 #105} 

concluded that cycling saddle height should be set to elicit 25-30° of knee flexion to minimize 

injury and oxygen uptake.  

 Bini et al. {, 2013 #323} defined backward and forward positions abstractly as a hill-

climb or time-trial position, respectively, while maintaining a consistent upper body angle. The 

displacement at the backward to forward positions were approximately 0.28 to 0.39m, 

respectively. Saddle fore-aft position, or saddle setback, is an additional saddle modification that 

involves the anteroposterior movement of the rider or saddle. The predominant kinematic 

outcome of the saddle or rider moving anteriorly without moving the saddle itself is a 5-6° 
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increase in knee flexion angle, while kinetically, tibiofemoral shear force increases in the range 

of 19-26% as the rider moves from backward to forward positions {Bini, 2013 #323}. Some 

literature calculates and reports force and work effectiveness indices to allow for bike fit 

modifications to be compared {Menard, 2016 #325}. Menard et al. {, 2016 #325} defined force 

effectiveness as the ratio of force perpendicular to the crank arm to total force applied to the 

pedal and work effectiveness simply as the minimization of crank work. The authors concluded 

that sitting further back on the saddle decreased total work by 5% but increased the work and 

force effectiveness compared to sitting forward. The application to performance of this 

conclusion is that the forward position lends to maximal power output, but the more backwards 

position leads to greater effectiveness during steady state pedaling. Further work on saddle 

position utilizing musculoskeletal modeling approaches demonstrate 14 and 15% increases in 

mean and peak tibiofemoral compression forces, respectively, in backward saddle positions 

compared to forward saddle positions {Menard, 2020 #338}. It can be concluded that a saddle 

position too far forward or too far backward can create high, unwanted patellofemoral or 

tibiofemoral contact forces. Therefore, proper adjustment of the rider on the saddle in the 

anteroposterior direction is of vital importance to populations where tibiofemoral force 

magnitudes are a concern.  

 Handlebar position on a bicycle is a secondary component that affects body position and 

methods have been implemented using handlebar position to alter hip flexion angles during sub-

maximal cycling to determine bike fit {Bini, 2020 #285}. Bini et al. {, 2020 #285} reported that 

sub-maximally determined bike fit using handlebar position to alter hip joint angles was not 

maintained during sprinting trials and therefore this method may not be suitable when fitting for 

varying workloads. Common handlebar positions for cyclists include the tops, drops, and hoods 
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of the handles. The tops position consists of holding on to the handlebar portion that is 

perpendicular to the main bike’s tube. The drops position consists of holding on to the lower 

curved portion of the handlebars behind the brakes of a racing bike. The hoods position consists 

of holding on to the handlebars directly above the brake levers on a racing bike. However, these 

positions are not available on all cycle ergometer models and literature results should be 

interpreted carefully and caution should be taken when extrapolating to clinical ergometers 

without these handlebar configurations. Across external work rates of 100 W, 200 W, and a 

varying Wattage matching participant lactate threshold, no main effect of handgrip position on 

lower limb joint powers were found when changing hand positions between tops, drops, and 

hoods positions {Skovereng, 2020 #284}. However, the drops compared to tops position did 

result in a significant decrease in knee joint work. For recreational riders, the trunk flexion angle 

changed for the tops, hoods, and drops positions from approximately 47° to 43° to 35°, 

respectively. The change in hip angle for recreational cyclists going from tops to drops resulted 

in a decrease from approximately 104° to 97°. Work done to investigate bicycle configurations 

and flexibility has demonstrated that lowered handlebar positions were associated with 

commensurate increases in peak power output in trained cyclists {Holliday, 2021 #427}. 

However, it should be noted that the R2 value of the correlation was 0.19 for this correlation 

relationship. The authors conjectured that the lower handlebar setting for riders relates to 

hamstring flexibility which could produce a more powerful position. Lowered handlebars likely 

require the rider to tilt the pelvis anteriorly which in turn increases the length of the hamstrings 

and shifts the force capabilities on the length-tension curve. Quantification of this shift would be 

considerably complex due to the biarticular nature of the hamstrings. 
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Three of the most common pedal types are clipless, platform, and toe cage pedals. 

Clipless pedals are used by road cyclists and the majority of triathletes and require special shoes 

that physically integrate with the surface of the pedal {Cruz, 2001 #343}. This pedal design 

allows for force application to the pedal through both the power phase and recovery phase of a 

single cycle. The ability to pull the pedal up using the hamstrings during the recovery phase 

implies greater muscle activity during the recovery phase, however, research on triathletes 

showed decreased semitendinosus and semimembranosus activity for clipless compared to toe 

clip pedals {Cruz, 2001 #343}. This research should be interpreted with caution on account of 

the small sample size and unreported power setting for the 100 RPM trials. Platform pedals are 

commonly used by mountain bikers and allow for complete freedom of foot placement on the 

pedal. Toe cages, toe clips, or metatarsal strap pedals provide varying levels of restraint of the 

foot inside the pedal and are seen in recreational and clinical pedals. Monark ergometer pedals 

tend to have a strap over the metatarsals to provide some restriction, while other pedals employ a 

full toe cage that provides more consistent foot position between participants. It has been 

demonstrated that platform and toe-clip pedals do not significantly affect VO2 at 60 RPM with 

power settings of 60, 120, 180, and 240 W {Ostler, 2008 #344}. The previously discussed pedals 

are designed to allow specific movements of the rider’s foot. For example, the platform pedals 

allow the rider to place their foot at mostly any position along the pedal’s plane. Toe cage pedals 

somewhat restrict movement to a primarily AP plane. A pedal’s allowable DoF should be 

considered, especially for clinical populations, as a two DoF pedal has been shown to reduce 

valgus knee moment when compared to a one DoF pedal during stationary cycling at 90 RPM 

and 250 W {Boyd, 1997 #345;Wootten, 1992 #347}.  
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Electromyography 

Surface EMG is commonly used in laboratory and clinical settings to record muscular 

activity for the purpose of assessing muscle coordination patterns, activation magnitudes, and 

fatigue assessment in cycling. Standardization of EMG electrode placement is a critical 

component of methodological rigor, and most researchers abide by the Surface EMG for a Non-

Invasive Assessment of Muscles (SENIAM) guidelines presented after development in 2000 

{Hermens, 2000 #349}. The SENIAM guidelines provide instructions for electrode placement 

using percentage distances between specific bone landmarks as well as muscle fiber direction to 

place them. Modern wireless EMG sensors have minimized the non-physiological signal effect 

of wire and sensor movement, but crosstalk is still an important phenomenon to be aware of. 

Crosstalk is when EMG sensors pick up electrical signals from nearby muscular activity that 

does not originate from the muscle of interest. Crosstalk is an important consideration when 

interpreting EMG signals as crosstalk and co-contraction may sometimes be indistinguishable 

{Talib, 2019 #426}. A secondary concern when using surface EMG electrodes is the amount of 

adipose tissue present around the muscle of interest. Characteristics such as BMI, waist 

circumference, and sex influence adipose tissue density and distribution. It is known that 

increased adipose tissue beneath an EMG sensor decreases the recorded signal which can lead to 

higher normalized EMG values in participants with more adipose tissue, making comparison 

validity questionable {Arauz, 2019 #84;De Luca, 1997 #357;Ptaszkowski, 2019 #359}. Raw 

EMG signals are essentially uninterpretable and producing a linear envelope to further obtain the 

root mean square (RMS) values is recommended and frequently used over other proposed 

processing methods such as integrated EMG {Basmajian, 1985 #350;Dorel, 2008 #351}. EMG 



38 

 

processing generally includes a Butterworth bandpass filter, rectification of the signal, and the 

application of a moving RMS. 

Normalization of EMG signals for comparison between dynamic tasks is difficult and 

many publications have recommended maximal voluntary isometric contraction (MVIC) trials to 

determine the theoretical highest level of muscle activity {Marsh, 1995 #353;Ericson, 1986 

#352}. The MVIC attempts to elicit a maximal contraction from the participant, which 

theoretically includes the greatest number of motor units available for recruitment. Despite this 

popular method, it may not be advisable for certain tasks that place joints at different positions 

than they were during the MVIC trials, such as cycling. For example, dynamically recorded 

activity levels have been reported over 100% of the MVIC during maximal cycling which 

indicates that the MVIC trial was insufficient to produce enough muscular activity {Hunter, 2002 

#354}. However, this finding was derived from a study on cycling fatigue protocols and 

therefore is likely not generalizable to clinical cycling protocols which are not often designed to 

induce maximal fatigue. Other methods involving maximal isokinetic or all-out trials for EMG 

normalization during cycling have been proposed and shown good within-subject reliability, but 

validity of these methods have not been assessed rigorously {Fernández-Peña, 2009 #366}. It is 

vital to not conflate increased muscle activity as a direct signal of increased muscle force output 

because muscle activity increases with fatigue given a constant external load or task {Tabasi, 

2023 #355}. Some researchers have employed EMG to force ratios in an attempt to quantify the 

relationship between signal amplitude and external force output in cycling. During 50 RPM sub-

maximal cycling tests performed after sprints, the EMG to force ratio of agonist musculature, 

such as the vastus lateralis, increased while antagonist muscles decreased their activation during 

fatigued states, indicating a reduction in co-contraction {Hautier, 2000 #364}. 
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A selection of common muscles to assess during cycling are the vastus medialis (VM), 

rectus femoris (RF), biceps femoris (BF), semitendinosus (ST), medial gastrocnemius (MG), and 

the tibialis anterior (TA). Previous cycling research at 120 W demonstrated that EMG activity of 

biarticular muscles such as the RF were 22% lower than its MVIC values whereas monoarticular 

muscles such as the VM were 45% lower than the respective MVIC {Ericson, 1986 #352}. 

Biarticular musculature such as the RF and the BF display double burst activations during each 

cycling phase (Figure 8, all figures are in the appendix) {Suzuki, 1982 #365}.  

The VM activation onset is just before top dead center (TDC) while the RF onset is 

earlier in the pedal cycle at approximately 270° and offset occurs around 90° (Appendix B, 

Figure 9) {Dorel, 2008 #351}. ST muscle activity behavior is more variable between studies and 

has been shown to have ranges of activity from TDC to BDC or from TDC to 270° {Dorel, 2008 

#351;Jorge, 1986 #356}. In a review of pedaling EMG, the authors reported that this discrepancy 

in ST activation may be a result of  differences in bike fit components such as body position or 

shoe-pedal interface {Hug, 2009 #348}. GM activity has an onset to offset range of 

approximately 30°-270° {Dorel, 2008 #351}. The TA activity primarily occurs between bottom 

dead center (BDC) and TDC, specifically starting at 270° to just after TDC, as the ankle actively 

dorsiflexes during the recovery phase {Dorel, 2008 #351}. Unsurprisingly, increasing workloads 

during cycling increase lower extremity EMG amplitudes significantly at workloads of 60, 80, 

and 90% of participant’s maximum heart rates {Holliday, 2023 #360}. 

Cadence 

 Cadence is the RPM of the crank arm and studies have investigated ranges of 40 to 120 

RPM for rehabilitation, recreational, and competitive purposes {Wilkinson, 2020 #297;Aasvold, 

2019 #214;Bini, 2010 #108}. Lower extremity joint work is one of many sets of variables related 
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to cadence that are often reported to assess the concentric and eccentric activity of muscle groups 

during movement. Joint work is most often calculated by first multiplying a joint angular 

velocity by its corresponding joint moment to obtain a measure of mechanical power for each 

frame of data throughout the crank cycle. Then, the integral of this curve is taken through a 

variety of methods such as the trapezoidal method in order to compute joint work in Joules, or 

Joules per kilogram. It should be noted that joint work is usually not normalized by body mass 

because the saddle alters the effective weight of the participant. In cycling trials performed by 

healthy individuals with no competitive cycling experience, ankle joint contributions to the total 

lower limb work increase with cadence when comparing 40 to 70 RPM {Bini, 2010 #108}. Bini 

et al. {, 2010 #108} did not report any significant changes in knee or hip contributions to total 

lower limb work at these cadence ranges. The approximate work contributions to the total lower 

limb work across both cadences were 5, 40, and 55% for the ankle, knee, and hip, respectively. 

While differences in the relative contributions were found, no effect of pedaling cadence was 

observed for the hip, knee, or ankle mechanical work. Other literature reports that absolute hip 

and knee joint power (W) differences begin to occur at 60 RPM in a study that assessed cadences 

from 40 to 100 RPM {Aasvold, 2019 #214}. However, it should be noted that Aasvold et al. {, 

2019 #214} differentiated cyclists by skill level (elite and recreational) which demonstrated a 

differing joint power contribution pattern, suggesting that experience level may affect this 

relationship. When assessing all participants, this work still found an increase in knee joint 

contribution and decrease in hip joint contribution to joint work as cadence increased above 60 

RPM. Elite cyclists tend to prefer higher cadences around 90 RPM when allowed to freely 

choose cadence during level ground time trials of 50km and flat, long group stages of 190km 
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from actual professional cyclists’ race data. Therefore, this may not be an adequate population to 

use when interpreting results for other populations that cycle recreationally {Lucía, 2001 #298}.  

Cadence increases from 70 to 120 RPM can result in an approximately 17% increase in 

hip joint power contribution to net joint power, while decreasing knee power contribution by 

approximately 9% in agreement with Aasvold et al. {, 2019 #214} {Wilkinson, 2020 #297}. In 

vivo hip joint loads during ergometer cycling revealed that a cadence setting at 40 RPM elicited a 

greater joint reaction force compared to 60 and 90 RPM, with 60 being the most ideal for 

decreasing hip joint loads {Damm, 2017 #300}. Cadence increases from 60 to 100 RPM have 

been shown to increase relative knee moment contribution by only 4% (P < 0.05), with 

increasing power, while the knee decreases its relative moment contribution when increasing 

cadence {Mornieux, 2007 #299}. When investigating cadences of 70, 80 and 90 RPM, the 

increasing cadence has been reported to have no effect on peak knee abduction moment, but did 

elicit an increased peak knee flexion moment when cycling on a pedal with a toe cage {Fang, 

2016 #52}. No significant kinematic differences were reported from knee extension ROM or 

peak adduction angle across cadences. The knee flexion moment significantly increased from -

16.69 Nm at 60 RPM to -21.51 Nm at 90 RPM. The knee extension moment did not significantly 

increase in this range but was 20.23 Nm and 24.50 Nm at 60 RPM and 90 RPM, respectively. 

Additionally, greater anterior PRFs were found to occur with increasing cadence from 34.25 to 

52.04 N at 60 and 90 RPM, respectively. These findings from Fang et al. {, 2016 #52} suggest 

the possibility of different frontal plane knee moment patterns being exhibited by participants. 

Moreover, approximately 39% of the study’s participants displayed an abduction moment while 

the remaining 61% displayed an adduction moment during the power phase. The breakdown of 

participants by sex was not listed in this study, but the age range of 40 to 79 was given which 
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may provide some explanation for these patterns due to cartilage wear from age or sex-specific 

differences that were unmeasured. While participants were deemed healthy for the inclusion 

criteria, without radiographic verification of cartilage health, it is difficult to rule out the effects 

of potential age-related joint health changes. 

Quantification of limb function asymmetry has been of interest since the mid 1970’s and 

has since been studied extensively for clinical gait and cycling as well as performance 

applications in cycling {Bini, 2015 #322;Daly, 1976 #339;Gale, 2019 #335;Hunt, 2004 

#228;Smak, 1999 #98}. Competitive cyclists performing a 4-km time trial demonstrated that 

larger limb effective force asymmetries between limbs were related to improved performance 

while also exhibiting low intra-limb variability {Bini, 2015 #322}. Force asymmetry was 

quantified using an index of effectiveness defined as the ratio between angular impulse of the 

tangential force applied to the crank and linear impulse of total applied force to the pedal. 

Normal and anteroposterior forces were measured via strain gauge instrumented bicycle pedals, 

and angular potentiometers allowed for measurement of the angle of the pedal to crank angle. 11-

21% more total force was applied by the dominant limb during these time trials. During cycling 

in 11 male competitive cyclists at a constant 250 W and varying cadences of 60, 75, 90, 105, and 

120 RPM it was reported that the dominant leg produced between 0.5 and 2.0% more total 

average crank power (p = 0.04) than the non-dominant leg {Smak, 1999 #98}. Additionally, it 

was found that the dominant leg produced significantly less positive hip power because of an 

increase in non-dominant leg hip extensor moments during the power phase. The general trend of 

asymmetry increases from approximately 6 to 16% were with an accompanying increase in 

cadence of 60 and 120 RPM, respectively. 
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Workload and Workrate 

The effects of workload and workrate on the metabolic and biomechanical variables at a 

given cadence have been widely studied, but often in skilled populations or at considerably 

higher power settings than most clinical populations would perform. Observational studies of 

cycling kinematics in healthy populations have provided useful ROM data and comparisons 

amongst age and sex groups {Yum, 2021 #318}. Yum et al. {, 2021 #318} provided a 

comprehensive kinematic overview demonstrating sagittal ROM of 43.9°, 75.2°, and 26.9° at the 

hip, knee, and ankle, respectively. Additionally, no kinematic differences were found between 

age groups of approximately 18 to 68 years old or between males and females in any of the three 

planes of movement. Results from Yum et al. {, 2021 #318} and Bini et al. {, 2010 #108} 

generally coincide with the latter reporting typical hip, knee, and ankle ROM of 45°, 75°, and 

20°, respectively. Knee extension ROM appears to significantly change with increasing 

workloads at a constant cadence, but does not significantly change given a constant workload 

with increasing cadence {Fang, 2016 #52}. However, Fang et al. {, 2016 #52} reported an 

approximate knee extension ROM of 76° to 80° with approximately 5-6° of standard deviation 

across multiple workloads and cadences, similar to findings reported by Yum et al. {, 2021 

#318}. 

 Pedaling on a cycle ergometer at 0, 120, and 240 W revealed that total work per 

revolution increases with workrate and that the proportions of hip and ankle positive work 

decreased as workload increased {Ericson, 1988 #29}. Positive knee extensor and knee flexor 

work increased across these workloads in compensation. Cycling at 120 W at 60 RPM revealed 

28.8 Nm and 11.9 Nm of peak knee extension and flexion moments, respectively {Ericson, 1986 

#5}. Importantly, Ericson et al. (150) reported that hip moments were significantly affected by 



44 

 

cadence and workrate, while knee moments were only affected by workrate. This finding 

suggests that workrate should be more carefully considered in populations where knee health, 

comfort, and performance is of concern, such as knee OA or knee joint arthroplasty populations. 

Using workloads from 0.5 to 2.5 kg at a constant 60 RPM resulted in an increase in peak knee 

abduction moment from 5.82 to 14.36 Nm with a concurrent knee extension moment increase 

from 11.61 to 37.16 Nm {Fang, 2016 #52}. Fang et al. {, 2016 #52} also found that medial PRF, 

vertical PRF, and knee extension ROM were all significantly different among the range of 

workloads. Knee extension ROM increased by approximately 3.5° from 0.5 to 2 kg while the 

abduction moment increased from -5.82 to -14.36 Nm. While recommendations for limiting 

frontal plane moments during activity do not exist, these results suggest that kinetics at the knee 

can greatly change with workload. In combination with potentially long-term cycling sessions, 

workload should be taken into account when recommending rehabilitation and exercise regimens 

to clinical populations.  

An investigation of increasing workload at a constant cadence of 80 RPM in varying 

tibiofemoral alignment groups reported knee kinetics for the neutral alignment group for 

workloads of 0.5, 1.0, and 1.5 kg which is equivalent to approximately 40, 78, and 117 W with 

80 RPM, respectively {Shen, 2018 #473}. Shen et al. {, 2018 #473} reported neutral alignment 

group peak knee extension moments of 23.5 to 42.5 Nm for workloads from 0.5 to 1.5 kg 

conditions, respectively,  which are higher than those reported by Fang et al. {, 2016 #52} who 

reported 11.61 and 26.04 for those conditions. Peak knee abduction moments from Shen et al. {, 

2018 #473} also reported neutral alignment group values of -4.4 to -8.7 Nm compared to the 

Fang et al. {, 2016 #52} reports of -5.82 to -10.18 Nm. No mention of alignment is present in the 

Fang et al. {, 2016 #52} paper, which may be a partial contributor to the difference seen, but it is 
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more likely that the RPM difference between the studies contributed to this difference. 

Additionally, since moments are not generally normalized during cycling, there is a potential 

effect of limb weights and general cardiovascular condition of participants to consider. However, 

values reported by Ericson et al. {, 1988 #29} at 120 W and 60 RPM are approximately similar 

to values from Shen et al. {, 2018 #473} at approximately 40 W and 80 RPM. The interaction of 

workload and cadence are complicated and may be further exacerbated by knee alignment of the 

participants, which can be unreported, making comparisons more difficult. 

During simulated 40-km time trials, the dominant limb produces greater peak crank 

torque, and it was reported that increasing exercise intensity stages resulted in decreased kinetic 

pedaling asymmetries {Carpes, 2007 #362}. Conversely, when pedaling at ranges of 100 to 250 

W, peak torque output asymmetries became larger in favor of the dominant limb as measured by 

a set of instrumented pedals {Bini, 2014 #363}. Caution is again warranted with these 

interpretations as they were done in a small set of competitive cyclists. Further research in time 

trial kinetic asymmetry supports work done by Bini et al. {, 2014 #363} and demonstrated 

increasing pedal asymmetries linked to improved performance in 500m sections of a 4-km time 

trial {Bini, 2015 #322}. 

Crank Arms 

Bicycle crank arm inertia varies from ergometers to road bicycles which tend to be low 

and high, respectively, because of gear ratios. With an increase in speed, higher gear ratios in 

road bikes are required to maintain a given cadence, which results in an increase in crank inertial 

load {Hansen, 2002 #28}. Understanding the effects of inertia during cycling is important for 

transferring the findings of laboratory or clinically based findings from ergometers to the general 

population that commutes, competes, or exercises recreationally with road bicycles. When 
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emulating low and high inertial loads, no significant differences in hip or knee joint moments for 

either flexion or extension were discovered while the ankle exhibited a significant small, increase 

in plantarflexion moment in the power phase with higher inertia {Fregly, 1996 #295}. Further, 

there were significant decreases in kinematic variability within and between cycles with greater 

inertia concurrent with significant unilateral torque variability increases. These findings suggest 

that cadence is more easily maintained with higher inertia crank loads. As a result, increased 

crank inertia may be beneficial for populations with neuromuscular coordination difficulties. To 

further support these conclusions, another study recruited competitive cyclists for low (2.4 kgm2) 

and high (94.2 kgm2) inertia conditions to investigate metabolic and kinetic effects during seven 

minute bouts of cycling {Edwards, 2007 #296}. Edwards et al. {, 2007 #296} concluded that, 

given constant cadence, no significant differences were found between inertia conditions for 

oxygen uptake, blood lactate concentration, mean peak crank torque, or mean minimum crank 

torque. The torques measured in this publication were a result of an ergometer equipped with an 

SRM system that is a combination of gears and flywheels. 

 The bicycle crank arm extends from the crank to which the pedal is attached via the pedal 

spindle, and common commercial lengths range from 170 to 175mm for small and large bike 

frames, respectively {Gatti, 2022 #334}. Previous literature investigating maximal cycling 

activities has shown no difference in relative hip, knee, or ankle joint powers as a result of crank 

arm length once pedal rate and pedal speed have been considered {Barratt, 2011 #286}. Barratt 

et al. {, 2011 #286} reported that a significant effect on hip and knee joint power was observed 

when comparing the extremes of the crank lengths (150 to 190mm) given constant pedaling rate. 

The proportion of total lower limb joint power produced by the knee was approximately 12% ± 

8% across all crank lengths. Hip and knee joint excursions were increased by approximately 10° 
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from 150 to 190mm crank arm lengths while the ankle changed by approximately 1°, but with 

higher variability. Joint angular velocities of the ankle, knee, and hip all increased with increased 

crank arm length as the pedal must make a larger arc in the same unit of time given a constant 

cadence. Barratt et al. (2011) reported joint angular velocities in degrees per second, but it should 

be noted that for other calculations such as power, radians should be used. In a study that 

recruited 15 trained cyclists, submaximal trials were performed at 90 RPM and a workrate of 240 

W for crank lengths of 150, 165, 170, 175, and 190 mm {Barratt, 2016 #508}. Given a constant 

pedal speed, increasing crank lengths did not result in changes to hip, knee, or ankle flexion or 

extension moments. Peak hip extension power increased from an average of 161 ± 42 W to 201 ± 

54 W for the 150mm and 190mm crank lengths, respectively, occurring around 90° in the pedal 

cycle. Peak hip flexion power increased from an average of 25 ± 27 W to 42 ± 27 W for the 

150mm and 190mm crank lengths, respectively, occurring around 270° in the pedal cycle. 

Participants were given familiarization time with the 150mm and 190mm crank lengths as they 

are not standard lengths and were not given practice with the other crank lengths. Despite this, 

there seems to be a large standard deviation in the peak hip flexion power that is likely a result of 

using the participant’s own bike measurements to determine the ergometer fit. Cyclists 

performing pedaling at 150, 200, and 250 W across crank lengths of approximately 167.5 to 

180mm at 90 RPM exhibited no metabolic differences based on crank lengths {Ferrer-Roca, 

2017 #292}. Crank length ranges were set adding or subtracting 5mm from the participant’s 

preferred crank length, the range of which was 172.5-175mm. Further, Ferrer-Roca et al. 

{Ferrer-Roca, 2017 #292} reported that hip and knee range of motion significantly increased 

with longer crank arms. Knee range of motion increased from the shorter crank arm, subtracting 

5mm from preferred length (72.6° ± 3.9°) to the longer crank arm, adding 5mm to the preferred 
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length (75.5° ± 3.6°), conditions. Another study recruited trained cyclists for maximal cycling 

trials using crank lengths of 120, 145, 170, 195, and 220mm to assess the effects on maximum 

power output {Martin, 2001 #30}. Optimal crank arm lengths were determined to be at the 145 

and 170mm conditions and extending beyond those ranges decreased power production. A study 

that assessed crank arm length changes via a 30-second Wingate with lengths of 110, 145, 180, 

230, and 265mm described significant ROM increases in the lower limb concurrent with crank 

arm length increases {Too, 2000 #294}. The optimal crank length from this study was 

determined to be 180mm, but this study used considerably larger crank length increments of 

35mm than other literature using 5-20mm increments. As a result, common crank lengths of 

around 170mm were not included. It is likely that the “optimal” crank arm length was mis-

identified due to the lack of sensitivity in length changes. 

 While symmetric crank arm length changes have been investigated thoroughly, 

asymmetric changes in crank arm length have scarcely been studied and could be relevant to 

clinical populations where equivalent power production or joint loading is not possible or is 

undesirable between limbs. Three male cyclists with lower limb length differences equal to or 

greater than 10mm were recruited to perform stationary cycling tests with the shorter limb 

having a changing crank arm length of 170, 165, and 160mm while the contralateral limb had a 

consistent crank arm length of 170mm {Millour, 2020 #226}. Millour et al. {, 2020 #226} 

reported that knee ROM was significantly decreased in the shorter limb because of a lower peak 

knee extension angle from the shortened crank conditions. Additionally, perceived exertion 

during testing was lower while comfort and maximal power output improved with the 

asymmetric crank arm conditions. All three participants reported that the 160mm crank arm was 

the most comfortable for them compared to the 165 and 170mm options. A significant limitation 
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of this study was that the motion capture data was two dimensional and as such, no information 

of frontal or transverse plane changes or compensations could be obtained. When asymmetric 

crank arms have been utilized in transtibial amputee populations, similar ROM decreases are 

found at the hip and knee when using a crank arm 10mm shorter on the amputated side of the 

individual {Childers, 2014 #225}. Childers and Kogler {, 2014 #225} used custom made force 

pedals to conclude that while kinematic symmetry was closer with the asymmetric crank arm 

lengths, kinetic symmetry was not achieved. Specifically, pedal work, pedal force, and peak 

sagittal knee joint moment asymmetries were not significantly changed between the control and 

asymmetric crank arm conditions. In fact, the authors reported that the amputated limb had a 

significant decrease in knee joint moment which exacerbated the already existing kinetic 

asymmetry with the control limb. 

Cycling in OA and TKA Populations 

Knee OA Populations 

Pre-TKA patients tend to have end-stage diagnosed knee OA as the cause of their TKA. 

While cycling for knee OA patients cannot provide permanent relief, eight-week interventions of 

cycle ergometry have shown decreases in perceived pain and increased in KOOS scores, six-

minute walk tests, and time up-and-go tests {Kabiri, 2018 #498}. Older knee OA populations 

have been assessed during four cycling combinations at 75 or 100 W and at 60 or 90 RPM for 

interlimb asymmetry. It has been reported that knee OA groups demonstrated an approximately 

10% power output difference, favoring their affected limb, over 60 crank cycles {Buddhadev, 

2018 #89}. Healthy controls did not exhibit this discrepancy and only had an average of 0.1% 

power output difference between limbs. Importantly, Buddhadev et al. {, 2018 #89} described 

that asymmetry amount was unaffected by workload and cadence combinations described above. 
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However, given their observational nature, these data do not allow us to determine if the 

presence of knee OA causes, or is caused by, the kinetic asymmetry seen in this study.  

  The literature on observational cycling biomechanics in knee OA populations is sparse, 

but some acute intervention work has been conducted using lateral shoe wedges and toe-in 

angles {Gardner, 2016 #106;Fang, 2016 #52;Thompson, 2020 #291}. An initial study in a series 

of studies recruited participants with at least one knee with a radiographically diagnosed KL 

score of 1 or higher. At 60 RPM and 80 W, participants cycled with neutral, 5°, and 10° of toe-in 

angles {Fang, 2016 #52}. Knee flexion angle, knee adduction angle, and knee internal rotation 

moments were significantly different based on condition. Knee flexion angle decreased from 

44.9 in the neutral condition to 41.6° in the 10° toe-in condition while the internal rotation 

moment of the knee changed from 8.0 to 6.1 Nm. KL score was found to be a significant 

predictor for peak KAbM across all three conditions. It is likely that the observed knee flexion 

angle decrease, and commensurate knee adduction angle change were a result of the toe angle 

shifting the knee to have more frontal and transverse behavior. The purpose of the study was to 

quantify changes in peak KAbM, and pain and it was concluded that only KAbM was 

significantly improved. In a secondary analysis, the same OA participant pool placed 5 and 10° 

lateral wedges on the ergometer pedal surface to additionally investigate KAbM and pain during 

cycling {Gardner, 2016 #106}. Peak vertical PRFs were significantly higher in the wedge 

conditions and only peak knee flexion angle and peak KAbM were significantly different based 

on wedge condition relative to neutral. While the authors reported that KAbM decreases were 

favorable, without an accompanying decrease in pain or adduction angle, the practical 

implementation may not be warranted on account of the potential concurrent increase in knee 

extensor moment.  
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TKA Populations 

Cycling is an activity that reduces required weight-bearing loads of the knee which 

decreases tibiofemoral forces compared to gait while maintaining cardiovascular benefits such as 

lowered all-cause mortality, coronary heart disease risk, and obesity {Kutzner, 2012 #4;Logan, 

2023 #216;Oja, 2011 #217}. Early in the TKA rehabilitation process, stationary cycling has been 

implemented to facilitate ROM increases, pain improvement, and patient reported outcome 

scores via surveys {Zech, 2015 #220}. Zech et al. {, 2015 #220} reported that knee ROM 

improved, pain decreased, and WOMAC scores for pain, stiffness, and function improved with 

an exercise regimen started approximately 2 weeks after TKA. This program included two to 

five instances of cycle ergometer training per week with an average Borg scale RPE intensity of 

11.6. An analysis of covariance determined that these findings were not explained by either the 

average intensity or duration of therapy regimens. Rehabilitation protocols implementing slightly 

alternative cycling modalities such as those assisted by a flywheel have been investigated in 

patients 55 to 80 years old after unilateral TKA {Sanzo, 2021 #497}. No statistically significant 

changes were found in standard rehabilitation protocols or the additive cycling protocol for knee 

pain, knee extension ROM, knee strength, or blood biomarkers. However, 82% of the cycling 

participants reported they would be comfortable exerting themselves more during the exercise, 

which leads to the belief that a minimum level of exercise intensity may be necessary to elicit 

significant beneficial effects during rehabilitation.  

Continuous x-ray images of ergometer cycling in patients at least six months after TKA 

provided evidence that stationary cycling is encouraged over activities such as golf in order to 

maintain acceptable loading of the implant’s polyethylene insert {Hamai, 2008 #319}. 

Qualitatively, Hamai et al. {, 2008 #319} demonstrated that TKA implant flexion angle 
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excursion in the sagittal plane was favorable and that axial rotation was acceptable during 

cycling. The implant flexion angle was determined by the flexion (positive) or extension 

(negative) of the femoral component relative to the tibial component. Axial rotation of the 

implant from top dead center to bottom dead center was 6.7° and the maximal implant flexion 

angle was 100° over a complete crank cycle.  

 One of the first studies to utilize instrumented knee implants in cycling activities was 

done in 2008 and consisted of varying difficulties of cycling at 60, 70, 80, and 90 RPM {D'Lima, 

2008 #433}. D’Lima et al. {, 2008 #433} measured a maximum knee flexion angle of 94.3° and 

an average total tibial force of 1.03 times bodyweight obtained from instrumented knee implants. 

Cadence had a unique effect of altering the knee flexion angle at which maximum tibial force 

was observed. Tibial force peaked at approximately 74° and 37° of knee flexion for the 60 and 

90 RPM conditions, respectively. Although the point at which the peak knee contact forces 

during the power phase occurred were different, the magnitude of the peak at 60 and 90 RPM 

were not significantly different.  

Two of the kinetic variables associated with tibiofemoral joint loads and radiographic OA 

are internal knee extension moment (KEM) and internal knee abduction moment (KAbM) 

{Richards, 2018 #14}. Richards et al. {, 2018 #14} recruited patients with radiographic medial 

knee OA and simulated normal and altered gait patterns using the modeling software AnyBody 

(AMS, AnyBody Technology, Aalborg, Denmark). The simulations results found the KEM was 

significantly associated with the medial contact force to total force ratio as opposed to solely the 

medial contact force. KAbM was a slightly less correlated variable for only the first peak of 

medial contact force and not for significant for the second peak. However, a strong (R2 = 0.86) 

relationship between KAbM impulse and the medial to total contact force ratio was found. 
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Despite the decreased knee joint loading of cycling, TKA patients have shown significantly 

reduced peak KEMs of the replaced limb compared to the native limb on a cycle ergometer 

{Hummer, 2021 #200}. Hummer et al. {, 2021 #200} recruited TKA patients 6 to 18 months 

post unilateral TKA and found that peak KEM was 18.7 ± 5.2 and 24.7 ± 6.9 Nm for the 

replaced and non-replaced limb, respectively, for a work rate of 80 W at 80 RPM. Increases in 

peak vertical PRFs and knee extension ROM were found at all workrates for the non-replaced 

limb. KAbM was not found to be significantly different as a result of limb or work rate, however 

knee abduction ROM did demonstrate a limb effect. At 80 W and 80 RPM, the abduction ROM 

was -13.3 and -8.4° for the replaced and non-replaced limbs, respectively. The knee extension 

moment for the non-replaced limb was, on average, 24.7 Nm and 24.2 Nm for the 80 and 100 W 

conditions, respectively. Considering peak knee extension moment was not significantly affected 

by work rate, but peak plantarflexion and hip extension moments were, it suggests the presence 

of a compensatory mechanism for the increase in work rate.  

 Post-surgery quadriceps weakness or avoidance and ROM deficits may make certain 

cycling conditions difficult for this population exceedingly early in the rehabilitation process. 

Further, it is known that TKA patients have a quadriceps avoidance strategy even at 12 months 

post-surgery {Li, 2013 #436}. Therefore, difficulty encountered by a TKA recipient during 

cycling may lead to compensation via increased loading of the contralateral limb, which may be 

detrimental to the cartilage of the contralateral knee and could accelerate OA symptoms.  

Asymmetries such as a lower peak KEM in the replaced limb is also present in this 

population with other tasks, such as stair climbing and ramp ascent {Yocum, 2022 

#222;Thorsen, 2023 #230}. Decreased KEM during physical activities is likely a result of factors 

such as decreased quadriceps strength post-TKA which is further exacerbated by muscle 
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attenuation after surgery that does not recover at six months post-operation {Paravlic, 2022 

#301}. Utilizing musculoskeletal modeling, it has been reported that peak medial tibiofemoral 

compressive force for the replaced limb compared to the non-replaced limb in TKA patients 

during stationary cycling is 23.5% lower {Hummer, 2022 #169}.  

Short, cycle sprint testing has been implemented in TKA patients at 3-, 6- and 12-months 

post-operation and showed significantly decreased lower limb power output at 3 months and 

significantly greater power output at 12 months {Hurworth, 2021 #229}. Hurworth et al. {, 2021 

#229} additionally provided Oxford Knee Scores and KOOS scores that improved for each 

follow-up. These findings show support for measuring muscle power in TKA populations as a 

dynamic value instead of maximum muscle force output on an isokinetic dynamometer, for 

example.  

Limb Alignment Effects 

 Varus and valgus knee alignment is of particular concern to the TKA population after 

surgery because of its relationship to increased polyethylene insert wear and implant loosening, a 

common cause of revision surgery {Kutzner, 2017 #170;Gromov, 2014 #431;Ritter, 2011 

#428;Collier, 2007 #429;Srivastava, 2012 #430}. Forces through the medial and lateral 

compartments of the knee relative to static knee alignment are, therefore, of increased interest to 

clinicians for minimizing poor surgical outcomes. Gait and activities of daily living have been 

studied in vivo to assess the forces within the compartments as measured by instrumented 

implants with strain gauges implanted in the tibial component. Gait analysis at a self-selected, 

comfortable speed was done on participants twelve months after receiving a TKA implant to 

assess total and compartmental force distributions {Halder, 2012 #432}. Halder et al. {, 2012 

#432} reported that the two peaks of axial force, as measured by strain gauges embedded in the 
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tibial component, during stance were 215 and 266% bodyweight with the medial load percentage 

being 73% and 65% for the two peaks, respectively. An important result of this work was an 

associated 5% increase in medial load as a percentage of the total for each 1° of varus deviation 

from a neutral alignment. Medial loading exceeding 50% of total knee joint load has been seen in 

other work as well, notably in a study assessing in vivo knee joint forces during a variety of daily 

living tasks {Kutzner, 2017 #170}. Kutzner et al. {, 2017 #170} analyzed the mechanics of 

instrumented TKA recipients performing level walking, stair ascent and descent, one-legged 

standing, jogging, knee bends, standing and sitting, as well as ergometer cycling. This work 

presented medial force ratio as the percent of medial force from the total force for all the 

activities listed. Average medial force ratio values ranged from 42 to 77 for the knee bend and 

first peak of level walking, respectively, and ergometer cycling had an average medial force ratio 

of 58. The authors discuss implications for surgical decision making for implant alignment goals 

to reduce the force distributions. To do this, it was suggested to create a valgus alignment of 3 or 

4°. The authors defend their position by stating that high medial force ratios following implants 

resulting in a varus malalignment should be avoided. In order to accomplish this, slight valgus 

alignments lead to a more equitable distribution of force between the medial and lateral 

compartments of the replaced knee. The authors cite clinical results suggesting that polyethylene 

wear between the compartments is equivalent with a tibiofemoral alignment of 3° valgus 

{Collier, 2007 #429}. 

 Knee alignment in cycling has been assessed at a consistent cadence of 80 RPM and 

varying workloads of 0.5, 1.0, and 1.5 kg of resistance on a Monark Ergometer {Shen, 2018 

#473}. Shen et al. {, 2018 #473} collected data in 11 varus, 11 neutral, and 10 valgus 

participants and confirmed a significant difference in tibiofemoral alignment between the groups. 
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Similar to reports by Fang et al. {, 2016 #52}, Shen et al{, 2018 #473} described a majority of 

participants, approximately 72%, across all groups displaying an internal knee abduction 

moment while the remaining participants displayed an internal knee adduction moment during 

the cycling. Despite the association of varus alignment and internal knee abduction moments in 

OA populations during gait, this association was not found in cycling by Shen et al. {, 2018 

#473} {Messier, 2014 #475}. It is likely that the lack of significant difference in the frontal plane 

moments between alignment groups is, at least partially, the result of a combination of fixed 

pedal width and cycling being a more constrained movement for the knee compared to gait. The 

authors posit that the fixed pedal width of 31 cm combined with decreased vertical reaction 

forces during cycling may have, in part, negated the effect of tibiofemoral alignment on KAbM. 

The peak knee extension moment during cycling was not significantly different between 

alignment groups and suggests further that cycling is a suitable alternative to walking for 

minimizing differences in biomechanics between alignment groups.  

Literature reports of in vivo measurements of ergometer cycling combined with kinematic 

data and limb alignment are, to the author’s knowledge, extremely limited. Telemetric data from 

instrumented knee implants during ergometer cycling do exist, and one such study investigated 

the forces experienced during cycling at 25, 35, 50, 60, 70, 85, and 95 W with a cadence of 40 

RPM {Kutzner, 2012 #4}. No investigations of alignment were made, and the authors were only 

able to comment that mediolateral force distributions were likely to be equivalent to that seen in 

gait for comparable populations. Understanding the distribution of loading for the medial and 

lateral compartments of the knee and their relationship with tibiofemoral alignment has positive 

implications for implant longevity and health in TKA populations {Andriacchi, 1986 

#495;Nham, 2023 #184}.  
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Musculoskeletal Modeling 

Musculoskeletal modeling is a field that experimentally uses recorded kinematic data, 

kinetic data, and/or EMG signals to simulate human and animal movement to understand factors 

such as individual muscle force, joint reaction forces, and muscle activations. Simulation of 

dynamic tasks is important because it allows for information to be obtained that is not 

traditionally made available by laboratory experiments. For example, forces generated by 

specific muscles in vivo or contact forces in vivo between bones are either impossible to acquire 

or quite rare to record, respectively. Commercial software options for musculoskeletal modeling 

are available, with a popular option being the AnyBody Modeling System from AnyBody 

Technology, which has been applied to various research fields including exoskeletons, upper 

extremity modeling, and occupational back loading {Engelhardt, 2020 #480;Koblauch, 2016 

#481;Zhang, 2021 #482}. While commercially available software can be powerful, it is also 

expensive, and the most common musculoskeletal simulation software used in academia is likely 

the open-source package OpenSim developed at Stanford University. OpenSim has allowed 

musculoskeletal modeling to flourish and for clinically relevant information to be disseminated 

quickly amongst the research community {Delp, 2007 #221}. Prior to the development of 

OpenSim, a predecessor known as SIMM (Software for Interactive Musculoskeletal Modeling), 

was developed and distributed in the hopes of reducing the need for complex programming to 

conduct musculoskeletal simulations {Delp, 1995 #442}. 

OpenSim provides a graphical user interface for importing data such as biomechanical 

marker data, ground reaction forces, and EMG to perform inverse kinematics, inverse dynamics, 

forward dynamics, and joint reaction analyses. The software allows for adjustments of models, 

represented muscles, joints and respective movement capacities, and muscle fiber dynamics to be 
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included in simulations in attempts to provide physiologically relevant results. OpenSim has 

demonstrated a capacity to process a wide variety of data for research projects including triceps 

brachii functions, amputee populations, cervical spine models, and TKA implant recipients 

{Raveendranathan, 2023 #273;Barrett, 2021 #275;Kholinne, 2018 #274;Hummer, 2022 

#169;Thorsen, 2021 #173}. In OpenSim, the model used is of the highest importance as it 

reflects the neuromuscular and musculoskeletal dynamics that will be investigated for the given 

research question. Necessary components of a model include bodies (segments), joints, 

constraints, forces, contact geometry, markers, and controllers. These components interact with 

each other to estimate muscle forces during a given motion, but the simulation accuracy depends 

highly on the model construction and parameter validity. Once the initial parameters and model 

have been established, OpenSim provides advantages over traditional mathematical calculations 

such as inverse dynamics. Inverse dynamics is traditionally implemented to calculate joint 

torques in the field of biomechanics outside of OpenSim, but one limitation is that the output is 

only the net joint torque with no knowledge of internal interactions such as cocontraction of 

agonist and antagonist musculature. Using OpenSim, given appropriately set parameters, it is 

possible to estimate the muscle activations and forces that contribute to net joint torques.  

Muscle Force Estimation 

Prior to the advent of computers and advanced musculoskeletal modeling software, the 

investigation of muscular forces and their corresponding effects on the skeleton were highly 

limited. Muscle dynamics at the microscopic level were obtained from in vitro analyses in 

animals  and the closest approximation for human in vivo muscle activities and related forces 

came from EMG measurements done in vitro and then in vivo {Bekoff, 1977 #523;Bekoff, 1977 

#523;Farina, 2024 #524;Kazamel, 2017 #525}. While these experiments were able to gather 
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knowledge that is invaluable, the estimation of individual muscle forces during dynamic tasks 

has become more viable with computational modeling advances.  

Fiber Dynamics 

The estimation of muscle forces is a complicated task plagued by difficulties in 

mathematical representation of fiber physiology, EMG acquisition, determination of DoF for 

joints of interest, and the muscle redundancy problem. The human body has a considerably 

higher number of muscles than joint DoF, such as flexion and extension. Therefore, it is 

complicated to decide the contribution of each muscle to experimentally obtained kinematics 

since a functionally infinite combination of muscle activations could contribute to the movement. 

This situation is referred to as the muscle redundancy problem. At the knee, for example, the 

four quadriceps and four hamstring muscles, perform knee flexion and extension, among other 

actions. For a given observed joint movement, it is not possible to determine how much of a 

contribution the vastus medialis has to that movement compared to one of the other quadricep or 

hamstrings muscles. As a result, we must create a mathematical framework to reasonably distill 

the overall force into multiple components. A common method to reasonably resolve this 

problem is using an optimization function that tries to minimize or maximize criterion such as 

muscle excitation levels, muscle oxygen usage, or approximations of muscular effort such as 

muscular fatigue {De Groote, 2016 #387;Seth, 2018 #368;Crowninshield, 1981 

#401;Ackermann, 2010 #385}. Ackerman and van den Bogert {, 2010 #385} reported that effort 

cost functions resulted in simulation muscle use avoidance that caused high impact forces 

because of a lack of knee flexion during stance in gait, resulting in an overly stiff heel strike in 

extension. Even though muscle use avoidance is not often present in healthy populations, it has 

been observed in the quadriceps of TKA patients in gait {Hyodo, 2020 #233}. Soon after 
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surgery, neuromuscular deficits prevent quadriceps activation and as rehabilitation progresses, 

these are ameliorated, but not fully, even up to six months {Paravlic, 2022 #301}. Therefore, 

while a cost function incorporating neuromuscular deficits as discussed is incredibly difficult and 

problematic, it may be representative of certain patient populations. 

 Introducing more accurate non-linear physiological relationships such as tendon force-

length, muscle force-length, and muscle force-velocity can provide more anatomical relevance 

for simulation results {De Groote, 2016 #387}. The quantification of these parameters for each 

muscle involved in a simulation can result in more physiologically grounded inputs for the 

chosen cost function. Contraction dynamics are most commonly modeled after the muscle-

tendon unit model proposed by AV Hill {Hill, 1970 #389;Zajac, 1989 #388}. The Hill model 

consists of a tendon modeled as a nonlinear spring connected at some given pennation angle in 

series with a muscle unit comprised of a contractile element in parallel with a passive element. A 

series of equations are presented below that have been presented in previous literature to describe 

various components of contraction dynamics {De Groote, 2016 #387;Winters, 1995 #488}. 

Equation 1 describes the calculation of tendon force (FT). 

FT = FM
0 ft(l̃T) 

Equation 1: Calculation of tendon force. 

Where FM
0  is peak isometric force, ft is the tendon force-length characteristic, and l̃Tis the 

normalized tendon length relative to its slack length. Equation 2 defines the muscle force (FM).  

 FM = FM
0 [afact(l̃M)fv(ṽM) + fpas(l̃M)] 

Equation 2: Calculation of muscle force. 

Where ‘a’ determines activation dynamics from a value of 0 to 1, fact is the active muscle force-

length relationship, l̃M is the normalized muscle fiber length,  fv is the muscle force-velocity 
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representation, ṽM is normalized fiber velocity, and fpas is the passive muscle force-length 

relationship. Equations 3, 4, and 5 describe muscle and tendon interactions. 

lMT = lT + lM cos α 

Equation 3: Musculotendon length. 

Where lMT is the muscle-tendon length, lT is the length of the tendon, lM is the length of the 

muscle, and α is the pennation angle. 

lM sin α =  lM
0 sin α0 

Equation 4: Musculotendon length and pennation angle interaction. 

Where lM
0  is the optimal fiber length, and α0 is the pennation angle at optimal fiber length. 

FT = FM cos α 

Equation 5: Muscle force accounting for pennation angle. 

 Given muscles’ non-linear relationships regarding force-length and force-velocity, these 

formulas may be important for obtaining a more representative behavior for simulations. 

Conflicting literature has been presented as to the importance of static versus dynamic 

optimizations regarding muscle force across different tasks. In gait tasks, solving the muscle 

redundancy problem with differing optimization techniques seems to produce equivalent results 

{Anderson, 2001 #526}. In this paper, two inverse dynamics based static solutions were 

implemented: one using pure force generators while the other included force-length-velocity 

parameters. These two solutions were compared to a forward dynamics solution. Findings from 

Anderson and Pandy {Anderson, 2001 #526} highlight the importance of understanding the 

relationship between the optimization method being used as well as the objective function. 

Performing a similar static and dynamic comparison in wheelchair propulsion simulations has 

produced results that do not align as closely between the static and dynamic techniques 

{Morrow, 2014 #527}. Specifically, deviations were shown in elbow moment, pronation-
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supination motion, and hand rim forces during wheelchair propulsion when comparing static and 

dynamic optimization. Measurement errors in the upper body may have contributed to these 

differences, and the authors concluded that care should be taken to determine if static or dynamic 

optimization should be used on a task-by-task basis. Additional muscle parameters included in 

the equations above tend to have a more consistent conclusion regarding the effect on simulation 

accuracy, such as pennation angle. For example, variations of up to 2.1 bodyweights of knee 

joint contact force during a squatting movement have been shown to result from perturbations to 

musculotendon parameters such as maximum isometric force and pennation angle when 

comparing to in vivo Comprehensive Assessment of the Musculoskeletal System (CAMS) knee 

data {Hosseini Nasab, 2022 #399}. 

Pennation angle and optimal fiber length have been established as good indicators for 

force production {Lieber, 2000 #464;Delp, 1990 #465;Zajac, 1989 #388}. The pennation angle 

of a muscle can be defined as the fiber angle relative to the longitudinal axis of the overall 

muscle. Pennation angle will adjust the amount of effective force provided to a tendon via the 

attached musculature, but a common assumption in musculotendon modeling is a consistent 

pennation angle through contraction and joint motion. Pennation angle has been measured 

through a surrogate fascicle plane orientation and angles of 6° and 25° during contraction have 

been measured in the vastus lateralis and medial gastrocnemius, respectively {Kawakami, 1998 

#466;Fukunaga, 1997 #467}. The potential change in pennation angle of musculature during 

movements signifies a change in effective force produced by that muscle as the related joint 

moves, in turn affecting the muscle redundancy problem. Moreover, the capacity of a muscle to 

produce force is adjusted beyond force-length and force-velocity relationships as a result of the 

joint angle and pennation angle. However, accounting for this change in fiber angle on a general 
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or subject basis would be a difficult task, as muscle size has been shown to alter pennation angles 

in human triceps brachii muscles when comparing untrained individuals with trained 

bodybuilders {Kawakami, 1993 #489}. While bodybuilders are a small percentage of the 

population, the concept that a hypertrophied muscle has altered pennation angles may be of 

concern for testing with athletic populations. The inverse may also be relevant for atrophied 

muscle present in certain clinical populations, the elderly, and those who have been subjected to 

extended periods of bedrest. Pennation angle has also been shown to be significantly different in 

cadaveric human soleus musculature when measured superficially and deep {Sopher, 2017 

#371}. If it is assumed that muscle force is proportional to the cosine of the pennation angle, the 

muscle force of the soleus would be underestimated by approximately 15% using surface level 

pennation angle as opposed to the deep pennation angle. Sopher et al. {, 2017 #372} reported 

that ankle contact forces were not significantly affected by the fiber pennation angle but 

theorized based on previous literature that the significance is likely more sensitive to muscles 

with larger pennation angles such as 23° {Zajac, 1989 #388}. The effects of a large pennation 

angle are therefore likely to be more of a concern during simulation in musculature around the 

knee where muscles such as the vastus medialis have had fiber angles measured on average as 

36.7° {Engelina, 2014 #468}. Despite these anatomical measurements and theoretical guesses, 

assessment of musculotendon parameters in OpenSim modeling has shown that pennation angle 

is the least impactful variable for muscle force estimation of the variables tested {Chen, 2023 

#376}.  

Some of the following parameters have been perturbed to determine their sensitivity 

regarding simulation results: the representation of muscle force-length-velocity relationships, 

optimal fiber length, maximum fiber velocity, and tendon slack length. Ensuring that muscle 
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force-length and force-velocity components are included in a model is critical, as the force 

outputs are inherently linked to muscle fiber length and contraction velocity. The force-length 

curve represents how muscle force output changes with length, with the main concept being that 

a muscle has an optimal fiber length and once the muscle is outside of that length the force 

production decreases. The physiological basis of this relationship stems from sarcomeres being 

too overlapped when the muscle is shortened, or too far apart when the muscle is lengthened, to 

form an ideal number of cross bridges. The force-velocity relationship is not simply force-speed 

because muscle contraction directions can be concentric or eccentric, both of which generate 

different amounts of tension within a muscle. With a velocity of zero, the contraction is 

isometric, and a positive value represents an eccentric contraction that produces considerably 

more force than a concentric contraction of the same absolute value. The physiological theory 

that underpins eccentric contractions and their increased force output comes partially from the 

protein titin, which can act like a spring within muscle tissue. Titin is the largest known human 

protein and acts elastically by increasing stiffness as muscle force production increases {Hessel, 

2017 #540}.  

Setting a maximal fiber velocity is also important regarding the muscle’s force-velocity 

curve because there needs to be end points for concentric and eccentric contractions, or else the 

model may produce essentially zero force for an extreme velocity concentric contraction, or 

incredibly high forces for the eccentric contraction. Generalization of the fiber’s maximum 

velocity quickly becomes difficult due to the different fiber types present in a given muscle, an 

individual’s exercise history, and the age of the individual. Specifically, maximal fiber velocity 

is considerably higher in fast oxidative and fast oxidative glycolytic fiber types compared to slow 

oxidative types {Fitts, 1991 #541}. Further, participation in exercise training that is not 
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endurance based has shown a shift in the slow oxidative fiber’s maximal contraction velocity 

{Fitts, 1991 #541}. Age related changes in muscle fiber dynamics are well studied and 

demonstrate that fibers with large expressions of slow myosin heavy chain (MHC) I do not 

degrade extremely with age, but faster MHC II expression does decrease significantly {Grosicki, 

2022 #542}. This is certainly not the only contributing factor to declining muscular power output 

with age but is an important consideration for musculoskeletal modeling purposes. When 

deciding which model to implement, it may not be appropriate to use a model with parameters 

entirely based on cadaveric data when simulating movements in high level athletes in their 

twenties, for example. Potential simulation errors are likely to occur in this case as the 

musculotendon actuators of a given model may not produce nearly enough force to complete 

static optimization (SO). As a result, model selection and the setting of parameters should be 

carefully considered before performing an experiment to ensure that as many parameters can be 

matched between the participant demographics and model as possible.  

Tendon slack length is a critical parameter with using the Hill-type muscle model as it 

reflects the length of the tendon when the generation of force to change its length begins. 

However, Chen and Franklin {, 2023 #376} present Equation 6 to determine the tendon slack 

length. 

lsla
t = 𝑙𝑚𝑡(𝑞𝑜) − 𝑙𝑜𝑝𝑡

𝑓
cos 𝛼𝑜𝑝𝑡 

Equation 6: Tendon slack length.  

Where  lsla
t  is the tendon slack length, 𝑙𝑚𝑡(𝑞𝑜) is the musculotendon unit length at a 

predetermined joint position 𝑞𝑜, and 𝛼𝑜𝑝𝑡 is the pennation angle at optimal fiber length. Accurate 

representation of the tendon slack length is important due to its direct relationship with the force 

length curve and musculotendon unit lengthborrowed from Chen and Franklin {, 2023 #376} 
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(Figure 10). Figure 10 shows example ankle joint positions and their relative positions on the 

force length curve, with the left side graph setting optimal fiber length at plantarflexion and the 

right-side graph setting the optimal fiber length at dorsiflexion. Chen and Franklin {, 2023 #376} 

discuss the difficulties in measuring optimal fiber length in relation to this curve, because, as 

shown in Figure 10, the contribution of active and passive components will change depending 

on which joint position is set as optimal for a given muscle. 

Assessing the sensitivity of the previously discussed model parameters in the estimation 

of muscle forces and joint reaction forces has been conducted using gait simulations, 

predominately {Carbone, 2016 #531;Serrancolí, 2020 #532;Raikova, 2001 #528;Scovil, 2006 

#529;Redl, 2007 #530;Xiao, 2010 #377}. Carbone et al. {Carbone, 2016 #531} determined that, 

in order, tendon slack length, maximum isometric force and optimal fiber length were the most 

sensitive parameters during gait while pennation angle was the least sensitive parameter. 

Muscles that are prime movers, such as the rectus femoris, soleus, and gastrocnemius, during gait 

were the most sensitive to the previously mentioned variables. During gait and running 

simulations, Scovil and Ronsky {, 2006 #529} reported that tendon parameters, such as slack 

length, were the most sensitive in muscle force estimation along with maximum isometric force 

and the force length curve implementation. The authors reported that the model was insensitive 

to the force velocity curve inclusion and muscle activation time constants. Results from Redl et 

al. {, 2007 #530} coincide with Carbone et al. {Carbone, 2016 #531} and Scovil and Ronsky {, 

2006 #529}  during gait simulations by concluding that muscle force estimates were most 

sensitive to tendon rest length as well as fiber length. Redl et al. {, 2007 #530}  did also report 

that the muscle force estimates were least sensitive to PCSA. Xiao and Higginson {, 2010 #377} 

executed simulated gait trials and determined that tendon slack length as well as optimal fiber 
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length were critical to properly set for the ankle plantarflexors and knee extensors, specifically. 

Raikova and Prilutsky {, 2001 #528} used a nine muscle leg model to assess the effect of model 

parameters on two different cost functions to determine parameter sensitivity. The authors 

concluded that muscle moment arm offsets and PCSAs adjusted muscle force magnitudes during 

movement, but not the force pattern. A non-linear relationship was observed within each muscle 

and the authors mention that muscle forces are highly interlinked with the moment arms and 

PCSAs of all other muscles and joints in the model. Parameter sensitivity has also been assessed 

by using knee contact force during gait as the measure of change by Serrancolí et al. {, 2020 

#532}. The authors reported that moment arm offsets alone were the most important variable for 

estimating medial and lateral contact forces when the other two options were optimal fiber length 

and tendon slack length. This conclusion is logical because an underestimated moment arm 

simply leads to an overestimated force output to meet the same desired torque. However, when 

utilizing multiple variables, medial contact forces were best estimated optimal fiber length, 

tendon slack length, and muscle moment arm offsets applied. When physiological parameters for 

muscle-tendon units are implemented, additional consideration should be given to the 

approximated locations of the muscle-tendon units. When comparing an unscaled model to a 

model developed from magnetic resonance images the largest relative differences in variability 

of muscle-tendon unit origin and insertion locations on the pelvis, femur, and tibia were in the 

sagittal plane {Bosmans, 2015 #373}. The authors specify that the variability seen in their results 

exceeds segmentation errors for all planes, thus providing support for the use of imaging for 

model personalization. Whether musculoskeletal modeling simulations benefit from highly 

complex estimations of musculotendon parameters has been debated {Chen, 2023 #376}. Chen 

and Franklin {, 2023 #376}  posit that cadaveric and MRI data are not guaranteed to reflect 
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musculotendon parameters as they are reflective of muscle architecture which may not be the 

same as muscle biomechanics. Further, the authors mention that since Hill muscle model 

parameters are predominately nonlinear, positive developments in parameter accuracy may not 

lead to comparable simulation result accuracy.  

Model Parameters 

The uncertainty of model parameters of maximum isometric force, tendon slack length, 

pennation angle, origin and insertion points, and via points were perturbed by Hosseini Nasab et 

al. {, 2022 #399} to understand their effect on knee contact force using the Rajagopal model 

{Rajagopal, 2016 #183}. The overall findings were in line with postulations in previous work 

regarding the increased level of knee joint contact force when influential musculature is 

perpendicular to the tibial plateau, as is the case in deep flexion movements {Lloyd, 2001 #441}. 

Lloyd and Buchanan {Lloyd, 2001 #441} reported that participants used their quadriceps and 

hamstrings in an ineffective way to reduce contact forces in response to varus and valgus tasks. 

Specifically, since the hamstrings and quadriceps have a minor capacity to correct for varus and 

valgus moments, they require a relatively high force output to “correct” for those moments. 

Consequently, when participants displayed a high level of hamstring and quadriceps 

cocontraction during the varus and valgus tasks, which caused a considerable increase in knee 

joint contact forces. The most influential parameter on resulting knee contact force from the 

perturbed variables was found to be the maximum isometric force of the muscles included. This 

finding is mirrored in a sensitivity analysis of an OpenSim model of the upper limb in movement 

measured via intra-cortical pins {Blache, 2019 #469}. If maximal isometric force is the most 

important variable for muscle force estimation, it should be of great concern to consider the 

values applied to muscles in patient populations where muscle strength is likely altered. For 
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example, quadriceps weakness is mostly guaranteed in the affected limb after TKA and a generic 

model musculotendon parameters may not reflect this type of neuromuscular change accurately 

{Paravlic, 2022 #301;Mizner, 2005 #237;Li, 2013 #436}. 

 The maximum force production of a muscle is inherently tied to the PCSA, often more 

strongly, than the anatomical cross-sectional area (ACSA) {Powell, 1984 #487}. PCSA is 

calculated using the width of the fibers by measuring perpendicular to them as opposed to the 

ACSA, which uses the width of fibers based on the longitudinal axis of the muscle. As a result, 

in muscles with higher pennation angles, the gap between the absolute value of the PCSA and 

ACSA increases. It is possible to obtain estimates of PCSA through the use of MRI and an 

investigation has been conducted to determine the effect of participant specific PCSA values for 

an upper extremity model in maximum force tasks {Bolsterlee, 2015 #486}. Results indicated 

that PCSA scaling had a negligible effect (< 1.5%) on glenohumeral joint contact forces for 

submaximal tasks and the need for PCSA scaling compared to uniform scaling was not strongly 

supported. Maximum isometric force is estimated using the product of PCSA and specific 

tension of a given muscle. Specific tension can be calculated as the maximum force produced by 

a muscle normalized to the PCSA, reported in N/cm2 {O'Brien, 2010 #533}. Early values of 

specific tension in simulation used by Delp et al. {Delp, 1990 #465} were 61 N/cm2 to match the 

physiological properties of young subjects. Specific tension originally derived from the PCSA of 

elderly cadavers has been “scaled” to match younger subjects in vivo data, but the result can be 

considerably larger joint moments compared to experimental results {Rajagopal, 2016 #183}. 

Chen and Franklin {Chen, 2023 #376} argue that specific tension should be measured for each 

muscle under isometric conditions, as the force produced per area of muscle will change 

dependent on the muscle’s length and velocity. Indeed, the reasoning for calculating a value for 



70 

 

each muscle is supported by findings that agonist-antagonist muscle groups such as the elbow 

and ankle have different specific tensions, as well as muscles within the same functional group 

{Buchanan, 1995 #534;Fukunaga, 1996 #535;Javidi, 2019 #536;Kawakami, 1994 #537}. 

Understanding the interplay between specific tension and PCSA is important in the pursuit of 

more accurate simulation results. Finding relevant specific tension values for all populations in 

previous literature may not be possible, and scaling of the closest demographic’s approximated 

values may be warranted. This is an important consideration in some clinical populations, for 

example, who have undergone surgical trauma that has caused temporary neuromuscular 

damage. In these populations, the force production to muscular area is more likely than not to be 

affected, leading to potential simulation discrepancies regarding specific tension. 

Muscle force estimation accuracy can be further improved by the inclusion of time-based 

components of muscle physiology. Specifically, muscles have an inherent delay between their 

activation and the onset of force generation that should be accounted for mathematically. The 

cause of this delay stems from the time it takes a generated action potential to cause calcium ions 

to release from the sarcoplasmic reticulum to initiate cross-bridge formation. A delay is also 

present in the relaxation of the same muscle fibers as there is a longer delay required for the re-

uptake of the calcium ions. The modeling of calcium dynamics in OpenSim is found below in 

Equation 7. 

𝑑𝑎

𝑑𝑡
=  

𝑢 − 𝑎

𝜏(𝑎, 𝑢)
 

Equation 7: Calcium dynamics. 

The purpose of this equation is to model a relationship between the rate of change in muscle 

activation (𝑎) and muscle excitation (𝑢). The denominator on the right side of Equation 7 
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represents a time constant for activation and deactivation, which is assumed to be 10 and 40 ms, 

respectively {Zajac, 1989 #388;Winters, 1990 #539}. 

Research in rabbit mastication and EMG provided evidence for the implementation of a 

twitch response component in EMG-to-activation models for improved muscle force estimation 

{van Ruijven, 1990 #443}. A secondary difficulty of this time-based component is that 

processed EMG signals, such as those that have been rectified and smoothed, may create an 

inability to quantify the muscle’s time delay {Guimaraes, 1995 #444}. While time-based 

variables do provide more physiological relevance, they are not always applicable depending on 

the method of computation, which is discussed later. 

Simulation results are further influenced by muscle force estimates because the number 

of muscles and their associated maximum isometric force capacities between models are often 

different, leading to kinematic and kinetic variability for the same gait trial {Roelker, 2017 

#370}. In terms of muscle isometric force, the gait2392 model has a total hamstring force 

producing capacity of 3398 N, while the Arnold model has a total of 2485.6 N {Arnold, 2010 

#393}. Differences of approximately 912 N in these isometric force capacities can significantly 

affect muscle activation level, as seen in other musculature by Roelker et al. {Roelker, 2017 

#370} in the gastrocnemius and rectus femoris between the gait 2392 and Arnold models. 

Gastrocnemius and rectus femoris activations in the Arnold model were 42-50% and 84-233% 

greater than the gait2392 model, respectively. Gastrocnemius peak forces were not reported by 

Roelker et al. {Roelker, 2017 #370}, but peak rectus femoris force was significantly higher in 

the Arnold model compared to the gait2392 model. Significantly higher muscle forces in the 

Arnold model were also seen in the Vasti muscles, soleus, and tibialis anterior. Some of the 

variation in muscle activations for the rectus femoris, and therefore muscle force, may be 
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accounted for by the peak isometric muscle force values for the different models. Gait2392 has 

the rectus femoris peak force at 1169 N, while the Arnold model has a value of 848.8 N.  

Kinetic differences between the two models were also seen in the peak knee extension 

and second peak knee flexion moments. Model construction differences in joint geometry, 

specific constraints, and degrees of freedom are additional variables that feed into kinetic 

differences that may occur. When using static optimization, as implemented by Roelker et al. 

{Roelker, 2020 #375}, the resulting individual torques that are obtained by decomposing the net 

torque will also result in kinetic variations. By extrapolating, it is likely that with altered knee 

kinetics and surrounding musculature activation changes, that the knee contact forces would be 

significantly different as well. Indeed, estimates of vertical knee contact forces between models 

when compared to in vivo measurements of gait and sit-to-stand tasks have been shown to be 

different when comparing three separate lower limb models {Pelegrinelli, 2023 #382}. 

Muscle Path and Moment Arm 

When evaluating muscle forces and subsequent joint contact forces during a movement, 

proper modeling of muscle moment arms is important for more valid simulation results. A 

muscle moment arm represents a measure of instantaneous effectiveness a muscle has for 

contributing to motion at one or more joints over a range of configurations or lengths over a path 

which is considered frictionless and massless {Sherman, 2013 #397}. There are considerable 

challenges to modeling a muscle to have a mathematically accurate moment arm because many 

muscles follow nonlinear paths that may span multiple bones, surfaces, or joints {Garner, 2000 

#396}. Garner and Pandy {Garner, 2000 #396} presented a method for muscle modeling that 

represents the muscle as a frictionless elastic band whose path is constrained by geometric 

objects such as cylinders and spheres. This concept of manipulating a muscle around objects to 
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represent an anatomical path is used in OpenSim and is referred to as a wrapping point. 

Estimates of moment arms at the knee are complex as a result of the discrepancy between actual 

six rotational and translational DoF present in the human knee and what can be feasibly modeled. 

Specifically, since the moment arm is dependent on the axis of rotation within the knee joint, the 

allowable motions of a knee model will have an effect on where the axis is located during 

dynamic movement. Research utilizing the gait2392 model with a knee of one DoF and modified 

to three DoF in a single leg hopping task reported that interpretation of forces from biarticular 

muscles of the knee such as select hamstrings and the soleus are suspect when using one DoF 

{Mokhtarzadeh, 2014 #398}. Mokhtarzadeh et al. {Mokhtarzadeh, 2014 #398} reported 

decreased force output for the hamstrings, rectus femoris, and gastrocnemius with the use of a 1 

DoF knee, while the soleus force was lower using the 3 DoF knee. The authors hypothesized that 

the decrease in the muscle forces seen in the 1 DoF knee could be a compounding result of the 

lack of excitation and activation dynamics as well as the muscle force combination solution was 

for only one plane. When solving for the net knee joint moment in multiple planes, the 

combinations of muscle forces become increasingly complex with respect to muscles that operate 

in more than one plane of movement or span more than one joint. Despite this theory, the soleus 

surprisingly displayed the opposite behavior of the hamstring and showed decreased force with 

the 3 DoF that is likely a result of the change in ankle kinetics. Specifically, the gastrocnemius 

generated considerably more of the ankle plantarflexor moment, causing the required 

contribution from the soleus to decrease. The authors conclude that the choice of knee joint DoF 

can have a significant impact on ankle musculature force when using SO.  

 Estimation of moment arms for simulation is complex because while movements of the 

knee and related tibiofemoral coordinate differences are easily measured via cadaver studies, 
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they are taken in unloaded conditions and therefore may not be transferable to dynamic tasks. 

External loading due to gravity as well as the contribution of knee musculature contractile forces 

affect the kinematics of the knee joint itself. Moment arms of muscles crossing the knee change 

during dynamic movements and work has been done to assess how muscle moment arms change 

during the single leg lunge and the seated knee extension {Navacchia, 2017 #372}. RMSE 

differences in knee moment arms between cadaveric and experimental kinematics reached a 

maximum of 9 mm. Using a Monte Carlo approach, the largest confidence bounds for a muscle’s 

moment arm was tied to the semimembranosus during a lunge movement and the smallest was 

for the rectus femoris during knee extension. The authors conclude from their results that muscle 

forces and joint loads are likely to be altered when activity and/or subject specific kinematics are 

included. This highlights the limitation of using passive cadaveric data to model knee joint 

motions as opposed to an in vivo measurement of the specific activity of interest. Moreover, knee 

behavior from passive cadaveric knee extension is likely not representative of knee kinematics 

during in vivo dynamic movements such as a lunge. External loading of the knee is not 

insignificant, as transverse rotation and sagittal translation of the knee can be different when 

comparing knee kinematics in seated and weight-bearing knee extension activities {Myers, 2012 

#458;Lafortune, 1992 #457}. Myers et al. {Myers, 2012 #458} used biplanar fluoroscopy to 

assess tibial translation during unloaded knee extensions, walking, landing, and maximum 

isometric knee extensions and found that the knee can constrain the tibia depending on the task 

demands in similar manners. These findings have important musculoskeletal modeling 

implications in that the movement of the contact points are mediated by soft tissue support as 

well as muscular contributions, both of which are essentially impossible to distill into individual 

contributions given some external load.  



75 

 

As with many OpenSim models, one DoF (flexion/extension) is a frequent limitation for 

tibiofemoral modeling accuracy. Not all muscles exhibit this simplification, as some models 

contain secondary movements that behave in conjunction with given flexion or extension 

amounts, often used for more thorough analysis of knee soft tissue connections {Marieswaran, 

2018 #460}. Fluoroscopy and finite element modeling of the knee have shown approximately 

5mm and 8-10mm of anteroposterior excursion of the medial and lateral contact points, 

respectively, in downhill or level gait trials {Farrokhi, 2014 #454;Liu, 2010 #455;Marouane, 

2016 #456}.  Marouane et al. {Marouane, 2016 #456} explicitly state that the moving contact 

point locations need to be considered when assessing compartmental contact forces in gait. The 

lack of this anteroposterior degree of freedom in many knee models is an inherent limitation of 

OpenSim joint reaction results, but the one degree of freedom knee joint allows for more easily 

conducted simulations compared to even more complex finite element models. The absence of 

anteroposterior movement is primarily due to a limitation in motion capture where movements of 

such a small scale are within the measurement error of the system. 

Geometry 

 Discussion of model geometry within OpenSim leads to one of the assumptions that is 

made for larger scale simulation feasibility- the assumption that body segments are rigid bodies. 

While bone is a brittle material, computational methods such as finite element analysis (FEA) 

have provided insight into the effect of external loads and muscle force on bones and 

corresponding bone adaptations {Meslier, 2023 #490}. FEA works by assessing mechanical load 

and strain on an object that has been subdivided into x number of parts and the interactions 

between these hundreds or thousands of parts are calculated. It is understood that external loads 

and forces act on, and slightly deform human bones, but this aspect of physics is not always 
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required for all research questions. FEA is computationally expensive, and the modeling of a gait 

trial with over twenty segments and ninety musculotendon actuators is simply not feasible. 

Therefore, OpenSim maintains the assumption that segments are rigid bodies. While the 

deformation of bones may not be modeled in OpenSim, modeling of soft tissue restraints and 

more complex joint movements has been presented.  

Additional assumptions are made for joint movements, often being modeled with fewer 

degrees of freedom than what is true or sometimes even locked in many models at the 

metatarsophalangeal (MTP) joint and subtalar joint. In the case of the knee, a majority of the 

available models model the knee as a hinge joint with flexion and extension available even 

though it is known that the knee has more rotations and translations. While one DoF knee models 

are common, efforts have been made to develop more complex knee models that include more 

soft tissue support such as anterior and posterior cruciate ligament bundles or increasing the DoF 

to six {Xu, 2015 #459;Ozada, 2015 #462;Marieswaran, 2018 #460}. The absence of knee 

ligaments in modeling is likely a significant contributor to observed knee motion, or lack thereof, 

as modeling results have shown ACL peak forces during gait ranging from 0.2 to 1.7 BW 

{Shelburne, 2004 #461}. Xu et al. {Xu, 2015 #459} developed an OpenSim knee model that 

includes ten separate ligament segments, many of which are subsections of the collateral and 

cruciate ligaments. One complexity noted in this work was the determination of the zero-load 

length of the ligaments, as in, at what point are the ligaments considered to be in a resistive state 

or slack. An additional difficulty with ligament modeling is that models such as the one provided 

by Xu et al. {Xu, 2015 #459} modeled soft tissue as straight segments from origin to insertion, 

which is likely simplifying the path of in vivo knee ligaments and their reaction to dynamic 

movement. The model presented by Xu et al. {Xu, 2015 #459} was further modified by 
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Marieswaran et al. {Marieswaran, 2018 #460} to include joint capsules, additional ligaments, 

menisci, and femoral articular cartilage. This updated model’s ligament strains were evaluated 

with passive movement from 0° to 120° of flexion, 40° of external to 30° of internal rotation, and 

-15° to 15° of adduction. Strain properties were not compared to an in vivo standard, so 

evaluation of the validity of the ligament properties is difficult. However, the authors note that a 

limitation involved with their modeling was that the soft tissue was considered linearly elastic, 

when true tissue behavior is non-linear and viscoelastic. The additional complexity introduced 

into modeling of the knee with the inclusion of multiple ligaments and other soft tissue elements 

may or may not increase the validity or practical usefulness of the model for a given research 

question. For research questions involving TKA, for example, one of the few knee ligaments of 

interest (or that remain from surgery) would be the PCL. Consideration should be given to 

whether soft tissue contributions are of interest to the research question or whether they can be 

omitted in favor of other outcome variables. 

 Of particular interest at the knee, the patella has been included in models by wrapping the 

quadriceps line of action over the patella and on to the tibia, or by wrapping the patellar ligament 

itself to the tibia for the Rajagopal and Arnold models, respectively {Rajagopal, 2016 

#183;Arnold, 2010 #393}. Validation of resulting moment arms of muscles crossing the knee 

can be done by comparing to experimentally measured moment arms derived from MRI-based 

bone models {Blemker, 2005 #491}. Proper modeling of the patella and its interaction with the 

femur and tibia are of particular interest to researchers that investigate patellofemoral pain and 

loading {Wheatley, 2023 #492}.  
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OpenSim Modeling 

Scaling 

 One of the first steps in producing a simulation in OpenSim consists of scaling the chosen 

model’s anthropometry to the participant with the best approximation possible. Virtual markers 

closely mirroring experimentally placed markers are moved by the user onto the skeleton in 

OpenSim and the scaling determines the relative distance between a virtual marker and the true 

experimental marker, referred to as marker registration {Delp, 2007 #221}. The error between 

experimental and virtual markers can be weighted based on researcher confidence in the marker 

placement based on factors such as bony prominence or skin artifact. Specification of a greater 

weight for a given marker will decrease the error tolerance for marker registration and generally 

increase the agreement between an experimental and virtual marker.  

Additionally, segment masses, muscle fiber and tendon slack lengths are scaled by 

percentage according to normative data defined by the specific model during this process. It is 

important to note that models are not scaled to normative data native to OpenSim, the parameters 

are determined by the creators of the original model. The model’s base parameters are commonly 

based on cadaveric data that are not always specific to certain clinical populations of interest, but 

some modern models have been created that include cadaveric and young, healthy individuals’ 

MRI data in hopes of attaining more accurate simulation results for a younger population 

{Rajagopal, 2016 #183}. Many small adjustments were made from the Arnold model to produce 

the model presented by Rajagopal et al. {Rajagopal, 2016 #183}, such as altering wrapping 

points from ellipsoid to cylindrical objects in efforts to reduce simulation time.  

Scaling is a critical component for simulation accuracy and research using the popular 

gait2392 model demonstrated that errors in experimental lateral epicondyle marker placement on 
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the participant resulted in approximately 9° hip flexion angle changes and 0.15 Nm/kg knee 

flexion moment changes {Koller, 2021 #390}. Maximum muscle forces of the medial 

gastrocnemius as well as hip joint contact forces were also significantly altered by 46 and 72%, 

respectively. These findings highlight the importance of accuracy in marker placement and 

provide some justification for the development of more personalized musculoskeletal models 

utilizing medical imaging modalities that reduce or avoid researcher placement landmark 

identification errors {Schmid, 2009 #178;Smale, 2019 #180;Fernandez, 2023 #198}. Even when 

marker position errors are minimized to 2 cm of uncertainty, ankle plantarflexion angle, moment, 

and positive power at push off can be altered by 15.9°, 26.6 Nm, and 75.9 W, respectively, 

during healthy gait {Uchida, 2022 #391}. Uchida and Seth {Uchida, 2022 #391} also found 

large variation in the previous variables when segment uncertainty was also, at most, 2 cm.  

However, the variation seen in segment dimensions was less impactful than marker registration 

uncertainty.  

Determination of a given joint’s center of rotation is an additional, important 

consideration during scaling as the muscle moment arms and resulting joint reaction forces about 

that joint can be altered by generic or subject-specific joint centers {Song, 2020 #483}. Joint 

centers can be evaluated at varying levels of complexity, ranging from three-dimensional bone 

reconstruction and fluoroscopy to equations based on superficial anatomical landmark distances 

{Song, 2020 #483;Fiorentino, 2016 #484}. Proper joint center identification through medical 

images is critical for identifying kinetic patterns in clinical populations {Harris, 2017 #485}. 

Harris et al. {Harris, 2017 #485} was able to discover that lateralization of hip joint centers in 

patients with hip dysplasia resulted in greater medially directed joint reaction forces compared to 

healthy controls in gait trials. Further work in this patient population has revealed significantly 
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different hip muscle moment arm lengths and resulting hip joint reaction forces compared to in 

vivo data {Song, 2020 #483}.  

Inverse Kinematics 

Once a model has been scaled, the next step involves the relationship between measured 

kinematics and the virtual markers placed on the OpenSim model during a motion. In order to 

reproduce the measured kinematics of the subject data most accurately, a minimized least-

squares problem (Eq. 8) is solved that is subject to certain joint constraints as defined by the 

model within OpenSim {Lu, 1999 #392}. Joint constraints are meant to reflect the physiological 

DoF present in joints such as the elbow, which can perform active flexion and extension. 

Squared Error =  ∑ ωi

markers

i=1

(xi
sub⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ −  xi

mod⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑)
2

+ ∑ ωj

joint angles

j=1

(θj
sub⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ −  θj

mod⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑)
2

 

Equation 8: Minimized least squares for kinematics. 

xi
sub⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  and xi

mod⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ are the three-dimensional marker coordinates for some ith marker or joint 

center for a given subject and model, θj
sub⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  and  θj

mod⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ are the joint angle values of the subject and 

model at the jth joint, and ωi and ωj are separate weighting factors used to adjust coordinates 

and joint angles separately. Marker weights, called inverse kinematics (IK) Tasks, are also 

specified at this step to allow the user to decide how stringent the error term should be bounded. 

Coordinates, often joint angles as solved by the IK tool, can be prescribed or unprescribed which 

has to do with whether they will be evaluated using the formula. Prescribed coordinates might be 

the subtalar and MTP joints which, when locked, are assigned a value of 0° as opposed to 

unprescribed coordinates which are unknown and therefore solved by the IK tool. Although 0° is 

assigned, the actual units used by the IK solver in OpenSim for angles are radians. This is 
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important to note in case results from OpenSim are compared to another IK method that is 

custom or found in another piece of software.  

Two of the potential sources of error in IK results arise from actual marker placement by 

a researcher and then the manual placement of the virtual marker on the OpenSim model through 

the user interface. In order to minimize the error in marker registration, at least one method has 

been proposed within the OpenSim framework that removes subjective user input in the 

placement of the virtual markers {Dunne, 2021 #494}. Dunne et al. {Dunne, 2021 #494} placed 

retroreflective markers on a robot with the capacity to walk in order to test some strategies for 

marker registration. Using the internally recorded information from the robot, the virtual markers 

were able to be placed exactly on the experimental markers for a total error of zero as a 

reference. An orientation registration method was also tested that used anatomical markers and 

segment reference frames were calculated using the experimental markers. Anatomical markers 

were used to generate reference frames, and then the InverseKinematicsSolver in OpenSim 4.1 

was implemented to pose the model. From there, virtual markers were algorithmically placed on 

the model. The final registration method used human input to place the virtual markers on the 

model based on a photograph of the robot with markers attached. Dunne et al. {Dunne, 2021 

#494}  reported an average root mean square error (RMSE) decrease for joint angles and 

moments of 67% and eliminated variability in registration between different users. Removing 

user variability is ideal for larger projects and would assist with registration of markers on the 

same subject over multiple testing sessions to ensure consistency. However, this method was 

developed with a robot where segments properties such as geometry and mass, as well as joint 

angles, were known. While these results are promising for improving IK errors, this specific 

method may be difficult to generalize to human populations with varying segmental properties.  
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Joint Contact Forces 

 The JointReaction tool in OpenSim is designed to calculate the cumulative forces and 

moments that are transferred between two segments arising from forces acting on the model 

itself. Importantly, these aggregate forces additionally represent physiological parameters that 

are likely not included in the model such as cartilage interactions and absent ligamentous tissue. 

Joint reaction analyses at the knee have been used to investigate the effects of crouch gait and 

model developments have also allowed for medial and lateral tibiofemoral compartment loads to 

be differentiated {Steele, 2012 #413;Lerner, 2015 #171}. Steele et al. {Steele, 2012 #413} 

utilized a common objective function in SO (Eq. 9) that had weighting constants for individual 

muscles that were adjusted according to contact force data from an instrumented TKA in order to 

assess crouch gait in children with cerebral palsy. 

     Objective Function =  ∑𝑐𝑖𝑎𝑖
2

𝑁

𝑖=1

 

Equation 9: Objective function including squared muscle activations. 

In Equation 9, N corresponds to the muscles present in the model, a is the activation level 

that can range from 0 to 1, and c is the weight for each muscle used by Steele et al. {Steele, 2012 

#413}. Weighting constants were allowed to range from an integer of one to ten and performed 

simulations for all combinations of weights and selected the output that matched the in vivo data 

most.  

        𝑅𝑘𝑛𝑒𝑒
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑  = [𝑀]𝑡𝑖𝑏𝑖𝑎 𝑎𝑡𝑖𝑏𝑖𝑎⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  − (𝑅𝑎𝑛𝑘𝑙𝑒

⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  + ∑𝐹𝑚𝑢𝑠𝑐𝑙𝑒𝑠
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  +  𝐹𝑔𝑟𝑎𝑣𝑖𝑡𝑦

⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ ) 

Equation 10: Reaction force at the knee, Steele {, 2012 #413}. 

Equation 10 represents the reaction force at the knee used by Steele et al. {Steele, 2012 

#413}. 𝑅𝑘𝑛𝑒𝑒
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ is force from the femur expressed on the tibia, [𝑀]𝑡𝑖𝑏𝑖𝑎 is the tibial inertial 
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properties matrix, 𝑎𝑡𝑖𝑏𝑖𝑎⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   contains six dimensions of linear and angular accelerations for the tibia, 

and 𝐹𝑚𝑢𝑠𝑐𝑙𝑒𝑠
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   and 𝐹𝑔𝑟𝑎𝑣𝑖𝑡𝑦

⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ represent muscle and gravitational force applied to the tibia. After the 

weighting constants for SO were changed, an average error of 0.02 times BW throughout the gait 

cycle was obtained. These results highlight the importance of considering weight constant 

adjustments for SO for questions regarding joint reactions. 

Estimation of joint contact forces in joint arthroplasty populations is especially important 

for assessing rehabilitation and activities that are done to improve general health and quality of 

life while reducing negative outcomes such as implant loosening or revision surgeries. Standard 

models in OpenSim provide a generic frame for simulation data, but significant efforts have been 

made to develop models that can return specialized data for clinical populations. OpenSim 

musculoskeletal modeling result accuracy can be further enhanced by using subject specific 

metrics to adjust each model through medical imaging modalities such as x-rays or MRI{Davico, 

2022 #199;Fernandez, 2023 #198;Gerus, 2013 #172;Smale, 2019 #180}. Without 

personalization, considerable differences in simulation results using generic models can occur 

{Correa, 2011 #181;Scheys, 2008 #182;Davico, 2022 #199}. One such model, the Lerner 

OpenSim model, allows parameters such as the hip-knee-angle (HKA), as well as medial and 

lateral contact points, to be set on a per subject basis to produce results more alike in vivo knee 

implant results compared to a generic model {Lerner, 2015 #171}. Lerner et al. {Lerner, 2015 

#171} presented results showing 12.4% and 11.9% error for peak medial and lateral contact 

forces, respectively, when compared to true in vivo data. Conversely, a generic model produced 

63.1% and 42.0% peak medial and lateral contact force errors {Lerner, 2015 #171}. Building off 

the components from each of the Lerner, Rajagopal, and Catelli models, Bedo et al. {Bedo, 2020 

#248} presented an aggregated model that still utilizes HKA and contact locations of the knee 
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but is more suited for tasks requiring high levels of knee and hip flexion {Bedo, 2020 

#248;Rajagopal, 2016 #183;Catelli, 2019 #277}. The Bedo model allows for greater hip and 

knee flexion maximums while retaining kinematic, kinetic, and muscle force accuracy.  

Computational Methods 

Static Optimization 

 SO is an optimization procedure that minimizes or maximizes a given cost function at 

individual frames of a given set of kinematics, making this a time-independent method. The cost 

function used can vary from the sum of squared muscle activations to metabolic cost but is often 

chosen to be the former. Results from the inverse kinematics tool can be used as input motions to 

calculate muscle excitations that could reproduce the joint moments seen in the input data. A 

critical component to understand regarding SO is that the simulation results do not have a time 

dependence, which is one of the most significant drawbacks of SO. Specifically, since the 

calculations are made on a frame-by-frame basis, the simulation does not consider the previous 

and proceeding frames; all calculations are instead instantaneous. Therefore, dynamic 

inconsistency is not strictly required in this optimization approach. SO is a computationally 

faster method for the estimation of muscle activations compared to other methods that will be 

discussed, but there have been efforts to improve the efficiency of computation via linearization 

of constraints or with the use of cubic splines {Michaud, 2020 #471}. Michaud and Begon 

{Michaud, 2020 #471} found that using their linearized or spline methods for calculating muscle 

excitations in a pure elbow flexion model was more accurate in terms of RMSE and additionally 

was at least 100 times faster than traditional SO. The implications of improved computational 

efficiency for simulations of this kind revolve around improving the ability to perform 
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simulations in real-time and provide relevant feedback to individuals in clinical or research 

settings.  

 While SO is computationally superior in speed relative to other methods that will be 

discussed, there are some additional drawbacks and considerations when choosing to utilize this 

method. Considering that SO operates on positions, velocities, and accelerations of body 

segments, the accuracy of the results will be tied to accuracy of the collected data. These 

kinematic measurement systems have inherent error, but efforts to reduce noise and quantify 

system errors have been published and improved upon over the years {Winter, 1974 #550;Ladin, 

1989 #551}. When errors are present in these calculations, net joint torque estimations will be 

altered and muscle force estimations will therefore be incorrect {Anderson, 2001 #549}. Further, 

when velocities are quantified inaccurately, then the resulting muscle length and contraction 

velocity estimation will additionally be inaccurate. Despite these drawbacks, SO has been 

suggested as the recommended optimization technique for gait simulation when only muscle 

force estimates are of interest {Anderson, 2001 #526}.  Anderson and Pandy {Anderson, 2001 

#526} reported that joint contact force estimates at the hip, knee, and ankle between static and 

dynamic optimization methods were similar, despite the static solution including a method that 

modeled muscles as ideal force generators. However, these comparisons of joint reaction forces 

were mostly qualitative in nature over the entire time series for a cycle of gait. The authors 

present cases in which SO should be cautioned against such as when experimental kinematics are 

unavailable, activation dynamics are critical to the movement, or an obvious time-dependent 

optimization problem is not present. 
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Forward Dynamics 

 Forward dynamics requires inputs of muscle excitations which can be generated by the 

computed muscle control (CMC) tool in OpenSim to solve a set of differential equations defined 

by the musculoskeletal model in question. Forward dynamics, overall, is the process of 

calculating generated motion from a set of known forces and/or torques as opposed to inverse 

dynamics which estimates forces given known motions. It is important to note that forward 

dynamics, in its purest form, is only supplied with initial excitations and it begins to predict 

values according to the optimization problem from that point. In OpenSim, applying CMC 

muscle activation history will hamper the predictive benefit of implementing pure forward 

dynamics. Computational issues associated with forward dynamics include a soft requirement to 

have the interval of interest be short or simulations may accrue numerical errors during 

integration. However, with the advent of computing innovations like parallel processing, the 

extreme computational time to perform forward dynamics simulations has significantly 

decreased with modern processors. The differential equations that govern the model’s dynamics 

require, at the base level, muscle activations and excitations to determine the related muscle fiber 

velocities. Once muscle fiber velocities are obtained, they are combined with muscle fiber 

lengths and activations to obtain muscle force. Muscle force multiplied by the respective moment 

arm will result in the net muscle torques that determine the resultant kinematics.  

 Pandy {Anderson, 2001 #549} presents a detailed discussion on inverse and forward 

dynamics, identifying the critical difference between the two methods being that forward 

dynamics solves one optimization for each cycle of movement. Forward dynamics has a primary 

advantage performing integration forward in time, which allows for the inclusion of time-based 

muscle physiology that is absent in SO. Forward dynamics, in theory, is enticing because it 
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solves motion problems based on a given optimization problem without kinematic constraints. 

However, that benefit also introduces difficulty in selecting and formulating an appropriate cost 

optimization problem, as the problem will be the prime driver of the simulation. The solution 

space for solving the optimization problem with forward dynamics given body segment motions, 

ground reaction forces, muscle forces, and muscle excitations is incredibly large, taking up 

thousands of hours of computational time in 2001 {Anderson, 2001 #526}. The more inherent 

movement constraints there are or well-defined movement goals there are, the smaller the 

solution space will be. For example, Pandy {Anderson, 2001 #549} discusses jumping and 

bicycle pedaling as good movements for this as the goal of jumping is to reach the highest 

distance, and pedaling involves a constrained movement with minimal need for balancing the 

upper body. The conclusion of Pandy {Anderson, 2001 #549} was that, given accurate 

measurements of external forces and segment motion, static optimization should be preferred 

over dynamic optimization for the estimation of muscle force. However, when investigating the 

effect of physiological parameter changes for a given task’s execution, dynamic optimization 

should be chosen.  

Electromyography in Modeling 

 The use of EMG recordings coupled with joint kinematics to understand muscular force, 

soft tissue support, and muscular contributions to specific movements such as varus or valgus at 

the knee requires a mathematical representation of many physiological factors to increase 

simulation accuracy. Specific complexities arise with the muscle redundancy problem, which 

manifests itself with participants exhibiting varying activation amounts and patterns in the same 

set of musculature to perform a given movement {Lloyd, 2001 #441}. In work by Lloyd and 

Buchanan {Lloyd, 2001 #441}, subjects instrumented externally with multiple load cells 
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performed a variety of knee movements and it was determined that the medial gastrocnemius had 

two separate patterns among participants regarding its contribution to varus and valgus moments. 

Further, the quadriceps and hamstrings were shown to have the greatest amount of muscular 

support during varus and valgus moments encountered by the knee. The authors observed that 

varus and valgus moment arms are greater with accompanying knee extension because of the 

musculature being more perpendicular to the tibial plateau. Predictions of flexion and extension 

knee joint moments using experimental EMG in isokinetic dynamometer, sidestepping, and 

running tasks resulted in a mean residual error of 12 Nm and an average R2 of 0.91 when 

compared to moments calculated via inverse dynamics {Lloyd, 2003 #438}. When implementing 

an EMG driven simulation model, some musculature may be left out on account of the 

musculature being too deep for surface EMG or muscles in the area can be assumed to have 

minimal contribution to the motion(s) of interest. For example, Lloyd and Besier {Lloyd, 2003 

#438} opted to neglect the plantaris and popliteus for two reasons: quite a small physiological 

cross-sectional area and assumed minimal contributions to knee flexion and extension.  

While EMG measurements appear to improve simulation accuracy for joint moments, the 

improvement of simulation accuracy of EMG in conjunction with external, experimentally 

measured forces is less clear. Simulations of total, medial, and lateral contact forces performed 

with a subject-specific CAD modelled TKA compared to in vivo kinetics revealed that EMG and 

external loads were not good predictors of internal loading {Meyer, 2013 #445}. However, 

Meyer et al. {Meyer, 2013 #445} did report that medial-lateral force distributions were likely 

better predicted by the external knee adduction moment as opposed to contact force peaks. It 

should be noted that this work was not done in OpenSim, and results are therefore incompatible 

with OpenSim literature. However, EMG-driven literature has been presented using the 
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OpenSim platform, with extended compatibility available through the toolbox “Calibrated EMG-

Informed NMS Modelling Toolbox,” or CEINMS {Pizzolato, 2015 #543;Romanato, 2022 

#544}. CEINMS has allowed research using EMG-informed simulations to be conducted on 

various clinical populations such as individuals with cerebral palsy, Parkinson’s disease, and hip 

osteoarthritis {Davico, 2020 #545;Hoang, 2019 #546;Romanato, 2022 #544}. 

Computed Muscle Control 

 CMC is a feedback-control method for determining muscle excitations that will drive a 

set of known kinematics that may or may not include external forces. Muscle excitations and 

muscle forces are also known as actuator controls and actuator forces, respectively, in a broader 

sense when applied to musculoskeletal modeling in OpenSim. The CMC algorithm available in 

the OpenSim Application Programming Interface (API) works by combining proportional-

derivative control and static optimization. Initially, a set of desired accelerations need to be 

computed for the model’s coordinates to be driven to the experimental coordinates. One of the 

unique components of CMC compared to SO is that OpenSim computes accelerations at some 

defined time interval ahead of the current frame for muscle forces to be given time to change. It 

should be noted that the initial muscle states used as the starting values for CMC occur in the 

first 0.030 seconds of the trial of interest, and therefore the trial should be slightly extended 

before the desired simulation starting point.  

Currently, OpenSim has two optimization formulas for users to choose from- slow target 

and fast target. The slow target formula minimizes a weighted sum of squared actuator controls 

with the addition of the sum of desired acceleration errors, referred to mostly as RRA. The fast 

target formula minimizes the sum of squared controls with the addition of an equality constraint 

that requires the difference between the model and desired accelerations to be within some user 
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defined tolerance, referred to mostly as CMC. Since the fast target formula has a constraint that 

must be met, it is possible that the simulation will fail due to the model’s actuators being too 

weak. To account for this, reserve actuators can make up for the failure to meet certain 

accelerations within the simulation. The inability to produce enough force through the sum of 

individual muscle torques means the constraint meeting the net joint torque has been violated. 

These reserves are not strictly “anatomical,” and their forces should be relatively low in order to 

discourage their use in optimization and should sufficiently penalize the simulation for their 

excessive use. It should be noted that the use of reserves within SO or CMC is not strictly 

necessary for simulation completion, and therefore the reserve values should be checked to 

ensure they are within an acceptable range.  

Hicks et al. {Hicks, 2015 #414} present multiple case studies, including examples that 

showcase the reduction of reserve actuators as well as comparisons of muscle activations to 

experimentally measured EMG. This paper provides a multitude of guidelines for validating 

model results, parameters, and dependencies to be aware of, and determining if certain the results 

are “good enough” relative to previous literature. For example, Hicks et al. {Hicks, 2015 #414} 

discuss a case study where vertical and frontal plane residual forces and moments oscillate in a 

non-physiological manner, and use center of mass adjustments as well as minor joint angle 

changes to reduce these to more acceptable levels. A specific goal presented was to attain reserve 

joint torques that are less than 5% of net joint moments. Experimental EMG can also be 

compared to simulated activations to assess the timing of onset and offset of force generation, as 

well as peak muscle activity {Hamner, 2010 #449}. Investigating the activation levels of specific 

musculature can be critical when those muscles have a pronounced effect on the center of mass 
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movement. Failure to check these activations could result in faulty conclusions depending on the 

research question at hand.  

A limitation of CMC, within the OpenSim user interface, compared to SO is that a 

limited objective function available in CMC, which is only to minimize the sum of squared 

muscle activations. SO and CMC additionally can rely on reserve actuators when a model 

actuator is unable to produce enough force to meet the simulation’s requirements. One of the 

benefits of CMC implementation is that it allows for the inclusion of the temporal offset in force 

generation relative to muscle excitations. Further, CMC requires torque production to be 

generated over a previous set of time steps as opposed to pure static optimization that isolates 

individual frames. As a result, time-dependent criteria are not explicitly included, but since 

activation dynamics are used there is an increase in physiological relevance with CMC.  

Optimization Method Comparison 

SO and CMC methods have been compared in gait in the literature with reports of 

increased error in knee extension torques as well as increased muscle forces, activations, and 

cocontraction indices in CMC optimization {Roelker, 2020 #375}. Roelker et al. {Roelker, 2020 

#375} utilized two different OpenSim models, gait 2392 and Full Body Running, to perform the 

comparison and reported that the changes in CMC outputs were additionally more sensitive to 

model choice compared to SO. An additional comparison of SO and CMC in gait and running 

trials concluded that SO was recommended for estimating muscle forces in human locomotion 

using previously published model parameters {Lin, 2012 #450;Anderson, 1999 #451}. Joint 

moments calculated for gait and running in all three planes via SO had less than 1 Nm of reserve 

torque  difference from inverse dynamics calculations, while CMC was able to achieve the same 

residual value for the sagittal plane only by additionally adjusting the kinematics through the 
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residual reduction algorithm (RRA). RRA is designed to slightly adjust the torso center of mass 

and kinematics to obtain inverse kinematics that are more dynamically consistent with the 

experimentally measured ground reaction forces. The RRA tool does not use musculotendon 

actuators and modifies the kinematics slightly in attempts to minimize the dynamic 

inconsistencies that were present. Once kinematics have been altered, the torques at certain joints 

are also likely to deviate from what would be calculated from inverse dynamics. The authors 

discuss that the ability of SO to accurately reproduce joint moments while being approximately 

five times more efficient in computational load makes it a superior choice for modeling 

purposes. Additionally, the authors present that since forward dynamics simulations may be 

prone to compounding errors due to user-defined model parameters, SO should again be favored. 

However, the authors explicitly describe cases in which SO is not advised for estimating muscle 

forces and methods such as CMC should be considered. Specifically, activities that are highly 

time-dependent or ballistic in nature are not likely to have muscle activation patterns that are 

well matched by SO. The reason these activities may not be applicable to SO is that the cost 

functions are likely to be variables such as muscular power output or impulse that require the 

inclusion of time component to calculate.  

A single leg triple hop test has also been experimentally measured and implemented in 

OpenSim with a 21 segment, 92 muscle model that was modified from a previously published 

model {Hamner, 2010 #449;Alvim, 2018 #448}. For a high force task such as this, the RRA tool 

was used. Alvim et al. {Alvim, 2018 #448} concluded that the RRA was necessary for the 

preparatory phase of the hopping, but considering the small residuals from SO and CMC, the 

additional time required to recursively apply the RRA should be considered.   
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Comparison of SO and CMC in human activities is difficult because the ground truth 

measurements of humans to compare simulation results to are often less direct than in animal 

models. An in vivo cat hindlimb validation experiment compared SO and CMC to experimentally 

measured EMG and muscle force recorded by buckle transducers on the tendons of the soleus, 

medial gastrocnemius, and tibialis anterior during free movement {Karabulut, 2020 #447}. The 

SO derived forces for the medial gastrocnemius, soleus, and tibialis anterior were more 

comparable to the in vivo measurements compared to CMC. RMSE  between the SO and CMC 

muscle forces were significantly different in level walking for the medial gastrocnemius and 

tibialis anterior. For 30° and 45° incline walking, SO and CMC muscle forces were significantly 

different from all three measured muscles. To further investigate why CMC forces were often 

greater than SO forces, the authors performed an analysis on the passive component of muscle 

force contribution that is only present in CMC. The authors’ conclusion was that CMC is more 

sensitive to anatomical musculoskeletal parameters such as tendon slack length. While CMC has 

the benefit of additional physiological parameters, if those additional parameters are not 

measured experimentally or previously validated, the accuracy of the simulation may be 

compromised or at least be more sensitive to musculotendon parameter values.  

Knee Models 

Usage and Validation 

Modeling of the knee joint allows researchers and clinicians to acquire estimated 

magnitudes of knee joint contact forces during motion. Asymmetric knee contact forces are 

likely contributors to the progression of knee OA and quantification of forces before TKA in 

patients with end-stage OA are useful to describe the knee’s kinetic behavior as a result of 

known cartilage wear {Zhao, 2007 #249}. Understanding knee contact forces in TKA patients is 
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important as unexpected magnitudes and proportions of force on the lateral and medial 

compartments may lead to implant loosening and mechanical failure which have been associated 

with costly revision surgeries {Andriacchi, 1986 #495;Nham, 2023 #184}. In lieu of expensive 

and uncommon instrumented knee implants used by Kutzner et al. {Kutzner, 2012 #4}, OpenSim 

allows for tibiofemoral reaction forces to be estimated from measured external kinematics and 

kinetics {Hummer, 2022 #169}. Popular models include the ‘Lower Limb Model 2010’, 

‘Rajagopal2016 Full-Body Model’, ‘Lai2017 Full Upper and Lower Body Model’, and the 

model developed by Lerner et al. {Rajagopal, 2016 #183;Lerner, 2015 #171;Lai, 2017 

#394;Arnold, 2010 #393}. The fifth Grand Challenge Competition to Predict in vivo Knee Loads 

has been used to compare TKA data between the Arnold, Rajagopal, and Lai models {Curreli, 

2021 #160;Fregly, 2012 #395}. Curreli et al. {Curreli, 2021 #160} reported that correlations (R2) 

between predicted and measured values of force transmitted to the knee joint were 0.22, 0.77, 

and 0.80 for the Arnold, Lai, and Rajagopal models, respectively. Explanations for these 

discrepancies are found in the differences between muscle architecture definitions and 

musculotendon dynamics parameter changes between the models. For example, the Arnold 

model uses older fiber dynamic characteristics such as force-length and force-velocity 

characterizations compared to Lai and Rajagopal who have updated these parameters and 

introduced additions to reduce unnecessary co-contraction of musculature due to increased 

passive forces.  

 Comparisons of available models designed with tibiofemoral contact force calculations in 

mind are limited, but literature comparing the Rajagopal, Bedo, and a further modified model has 

been published {Pelegrinelli, 2023 #382}. Pelegrinelli et al. {Pelegrinelli, 2023 #382} used SO 

as inputs for the joint reaction analysis and found that RMSE relative to in vivo contact forces 
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between the Rajagopal and Bedo models were inferior to the newly created model presented for 

the sit-to-stand trials. In gait tasks, all three models performed similarly for total knee and medial 

contact force magnitudes with muscle activation peaks matching corresponding EMG peaks. The 

authors note that vertical knee joint center position influenced contact forces in participants with 

varus deformities. Specifically, considering the medial and lateral compartment forces were 

calculated with respect to the knee varus and valgus moments, the knee joint center position 

adjusted the resulting contact forces. Lateral compartment force being lower than the medial 

compartment force during gait was seen, which has been documented in related research, even 

with point contact modelling of the knee {Saliba, 2017 #452}.  

Subject Specific Models 

Subject specific modeling can have a broad range of parameters, but the goal of each one 

is to theoretically increase the accuracy of a given simulation by introducing as much relevant 

information as possible to the model. In many cases, this can mean the inclusion of imaging data 

of bone geometry and joint centers, or it could mean adjusting muscle strength values based on 

experimentally recorded dynamometer data. Increasing the model’s complexity is not a 

guaranteed improvement, and in fact has been cautioned when validating a model or simulation 

results {Hicks, 2015 #414}. However, there is a balance to be struck by including anatomically 

relevant parameters for the research question of interest while ensuring oversimplifications are 

not made elsewhere.  

Subject specific knee models have the benefit of publicly available in vivo kinetic data for 

validation, and a variety of personalization methods have been published. Generic SO has been 

compared to personalization methods such as applying weighting constants to muscle groups at 

the knee, pattern search optimizations for weighting constants, and subject specific isometric 
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knee flexion and extension strength parameters {Knarr, 2015 #369}. The highest average RMSE 

of knee contact force measured in bodyweights was 0.67, 0.48, 0.41, and 0.4 for standard static 

optimization, previous literature muscle weights, optimized muscle weights, and strength 

specific adjustments, respectively. A highly relevant conclusion by Knarr and Higginson {Knarr, 

2015 #369} was that the weighting constants were sensitive to the cost function and amount of 

data in the simulation. Specifically, the cost function was either minimization of RMSE or 

RMSE with the addition of peak errors and the data amount changed with a full gait trial or 

simply simulating the stance phase. Subject specific model parameter inclusion should be 

generalizable and since the optimized muscle constants were based on known in vivo loads, this 

method is unlikely to be used clinically. 

The Lerner model has been used to investigate the sensitivity of mediolateral knee 

contact forces to alterations to tibiofemoral alignment and medial and lateral contact locations in 

gait trials of healthy and knee OA participants {Saliba, 2017 #452}. Monte Carlo analyses were 

performed to investigate the effects of simultaneous parameter changes and their subsequent 

effects on joint contact force. The perturbations were in the range of -10° to 10° and -10 to 

10mm for the ranges of hip and knee angle, and medial and lateral contact point distances from 

the joint center, respectively. The medial and lateral contact point distance values were not used 

as absolutes, instead they were scaled by the knee width of the participant. The sensitivity 

analysis revealed that the perturbations resulted in up to three times bodyweight differences for 

the first and second contact force peaks as well as the mean stance phase values for the outcome 

measures. Perturbations of the HKA resulted in 5-6% bodyweight per degree (BW/deg) medial 

contact force and 3-6% lateral contact force BW/deg for the varus and valgus perturbations, 

respectively. Additionally, medial contact force was reduced by 2-4% bodyweight per mm 
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(BW/mm) and lateral contact force was increased by 1-3% BW/mm with increased medial 

contact point distance. Saliba et al. {Saliba, 2017 #452} also demonstrated that sensitivity to 

these perturbations vastly differ between participants that exhibited condylar unloading from 

those that did not. In this work, the presence of lateral condylar unloading during the simulation 

was met with a tensile force provided by a representative collateral ligament {Brandon, 2014 

#453}. Despite parameter perturbation, no significant changes were detected in knee flexion 

moments or muscle forces. These findings suggest that the inclusion of subject specific HKAs 

and compartmental contact points are valuable for increasing the accuracy of simulated knee 

joint contact forces, especially for patient populations. 

Creating subject specific geometry can alternatively consist of EMG-driven models with 

the inclusion of computed tomography scan bone geometries and fluoroscopic kinematics of a 

participant’s instrumented knee during gait trials {Gerus, 2013 #172}. Comparisons were made 

for all permutations of generic or subject specific kinematics and segment geometry. Subject 

specific segments included the femur, tibia, fibula, and patella. Gerus et al. {Gerus, 2013 #172} 

found that subject specific geometry did improve RMSE in medial contact force estimates 

relative to in vivo measurements compared to the other models. Fluoroscopic kinematics did not 

result in a significant difference in RMSE for the estimation of either compartmental contact 

force, which provides some evidence that geometry adjustments may be sufficient for improving 

estimates without the difficulty of obtaining fluoroscopy measurements.  

Additional simulation techniques such as Monte Carlo have been utilized to further 

investigate the relationship between kinematics and knee joint compressive forces. Gait analysis 

of the CAMS dataset using Monte Carlo simulations shows that internal knee joint compressive 

forces are more tied to muscle activation patterns as opposed to kinematic aberrations {Febrer-
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Nafría, 2023 #320}. Additionally, Febrer-Nafría et al. {Febrer-Nafría, 2023 #320} reported that 

implant alignment had a significant kinematic effect in the frontal and transverse planes. Highly 

personalized models incorporating x-ray, MRI, and FEA modalities in two varus aligned 

unilateral TKA patients have shown that second peak medial plateau contact force during gait 

changes from approximately 85% to 68% of total contact force 6 months after TKA {Du, 2022 

#321}. Knee joint contact force has further been investigated using gait simulations and a model 

with 23 DoF, 54 musculotendon actuators, with a knee consisting of one DoF to compare knee 

OA severity by group {Richards, 2010 #384}. Decreased overall loading of the knee is observed 

with increasing OA severity, however, only the second contact force peak was significantly 

different between OA severity groups. The authors postulate that increasing OA severity can be 

linked to compensations via decreased muscle force, slower gait speeds, and finally a resulting 

decrease in contact force.  

Cycling Models 

 Musculoskeletal modeling in cycling populations has been performed using the standard 

gait2392 model as well as the Lerner model developed in 2015 {Lerner, 2015 #171;Hummer, 

2022 #169;Thorsen, 2021 #290}. Both models consist of one DoF (flexion/extension) for the 

tibiofemoral joint. In a study consisting of 6–18-month post-operative TKA patients, the 

gait2392 model was used to assess medial and lateral compartmental loading during stationary 

cycling at 80 RPM with power settings of 80 and 100 W {Hummer, 2021 #200}. Hummer et al. 

{Hummer, 2022 #169} used a 3-way ANOVA to assess the interactions between knee 

compartment, limb, and workrate. The only significant interaction found was between 

compartment and limb. The increase in 20 W did not result in significant increases in the peak, 

medial, or lateral contact forces. One of the main conclusions from this work was that the 

https://pubmed.ncbi.nlm.nih.gov/?size=50&term=Febrer-Nafr%C3%ADa+M&cauthor_id=37907050
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nonreplaced limb of TKA patients had a greater peak medial contact force compared to the 

lateral compartment. This finding may raise concerns about contralateral knee OA progression as 

the trend may be that these participants are loading their nonreplaced limb as a subconscious 

compensation mechanism during cycling.  

An additional study investigated the effect of q-factor (pedal width) on medial 

compartment loading in stationary cycling using the Lerner model {Thorsen, 2021 #290}. 

Important findings from this study included the finding that regression analyses revealed that 

knee abduction moment and knee extension moments accounted for 87.4% of the variance in 

medial compartment contact force when q-factor was accounted for. The findings from Hummer 

et al. {Hummer, 2022 #169} show an approximately 21% increase in peak knee extension 

moment in the nonreplaced limb of TKA patients with no accompanying change in knee 

abduction moment between limbs. This finding aligns with reports by Thorsen et al. {Thorsen, 

2021 #173} associating increased medial compartment loading with increased knee extension 

moment. 

 OpenSim has a supplemental tool called Moco that allows for state and control 

trajectories to be estimated using polynomial splines, a method known as direct collocation 

{Dembia, 2020 #476}. One of the presented advantages of Moco is the ability to solve problems 

with multiple objective functions and/or constraints that were traditionally limited to one 

function, as seen in CMC {Dembia, 2020 #476;Dembia, 2020 #476}. However, literature has 

been published where multiple objective functions have been combined during gait, specifically 

to minimize the sum of muscle activations and joint loads {Demers, 2014 #547}. An additional 

proposed advantage of Moco is the inclusion of muscle dynamics that are absent in SO, but 

without the computational cost of more complex simulation methodologies. Moco has been used 
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to estimate muscle forces and knee joint reaction forces in cycling data from 16 healthy 

participants who cycled for three minutes {Clancy, 2023 #434}. Participants completed the trials 

at self-selected cadences of 75-99 RPM and workloads set to generate a heart rate of 70-75% 

age-estimated maximum which was 40-216 W for the study. One of the objective functions used 

was to minimize the muscular effort during cycling, which consisted of a combination of the sum 

of squared muscle excitations and the sum of squared reserve and residual excitations for each 

DoF. The second objective function was designed to minimize knee forces by minimizing the 

sum of squared tibiofemoral forces. Results from Clancy et al. {Clancy, 2023 #434} may have 

actionable clinical rehabilitation impacts regarding muscle coordination during dynamic tasks. 

Specifically, altering coordination to increase soleus force and decrease gastrocnemii forces lead 

to reduced knee contact forces, which has also been shown to be trainable in one session using 

biofeedback during the late stance {Uhlrich, 2022 #477}. The addition of tibiofemoral force to 

the objective function resulted in an average peak contact force reduction during cycling that was 

closer to in vivo data when compared to an objective function only based on muscle excitations 

{Kutzner, 2012 #4}. Mean peak tibiofemoral force from Clancy et al. {Clancy, 2023 #434}, 

simulated, was approximately 1200 N while Kutzner et al. {Kutzner, 2012 #4}, in vivo, recorded 

ranges of 793 to 1520 N with average power settings of 137 and 120 W, respectively between the 

two studies. The results from Moco in the work from Clancy et al. {Clancy, 2023 #434}, 

however, did present some EMG timing discrepancies when compared to previous cycling 

literature {Ryan, 1992 #479}.  
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Chapter 3: Materials and Methods 
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Participants 

Individuals with end-stage knee OA that received a TKA procedure at the Tennessee 

Orthopaedic Alliance (TOA) were recruited to participate in this study. The colleciton session 

was between 1-2 months post operation. Potential participants were identified by a TOA physical 

therapist and given an information sheet about the study. Participants were only given further 

study information if they were in alignment with the inclusion and exclusion criteria (Appendix 

A, Table 2) for participation. Contingent upon consent to release their patient health information 

to researchers, long standing and short frontal plane radiographs of the knee were obtained for 

use in the musculoskeletal modeling component of the study. Participants were compensated 

with $90 after completion of the testing session and were given no compensation if the testing 

session was only partially completed. 

An a priori power analysis to determine sample size for the study was conducted using 

GPower 3.1 (Heinrich Heine University Düsseldorf). To obtain a power of 0.80 with an α of 

0.05, mean knee range of motion with an effect size of 0.979 from a previous study of 

submaximal ergometer cycling in a healthy population were used as inputswith a resulting 

sample size of 4 participants (submitted manuscript). This study was approved by the 

Institutional Review Board at the University of Tennessee with the study identifier UTK IRB-23-

07760-XP. This study received financial support through a 2024 Matching Dissertation Grant 

from the International Society of Biomechanics. Prior to participation, all participants read, 

signed, and gave informed consent after as much time as they required. 

Instrumentation 

Three-dimensional (3D) kinematic data were recorded at 240 Hz using a twelve-camera 

motion capture system (Vicon Motion Analysis Inc., United Kingdom) for the cycling trials. 
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Retroreflective markers denoting anatomical landmarks of interest were placed on the acromion 

processes, iliac crests, greater trochanters, medial and lateral epicondyles of the femur, medial 

and lateral malleoli, 1st and 5th metatarsal heads, and the distal 2nd distal phalange. Semi-rigid, 

molded thermoplastic shells with four retroreflective markers attached were affixed via neoprene 

straps or harnesses to the trunk, thighs, and shanks to track segmental motions. Additional 

clusters were placed on the lateral heel of each shoe to track the foot segment, modeled as a rigid 

body.  

For all cycling trials, an electromagnetically braked stationary ergometer (Excalibur 

Sport, Lode B.V., Groningen, Netherlands) was used. The crank arms of the ergometer were 

outfitted with custom-machined metal crank arms that allowed for asymmetric adjustments in 

length from 130-190mm on either side. Kinetic data were recorded with customized 

instrumented bike pedals fitted with two 3D force transducers (1200 Hz, Type 9027C, Kistler, 

Switzerland) coupled with two industrial charge amplifiers (Type 5073A and 5072A, Kistler, 

Switzerland). This instrumentation allowed for the recording of 3D forces and moments at the 

pedal-foot interface. Kinetic data were temporally synchronized to kinematic data through the 

Vicon Nexus software suite during cycling trials.  

To record muscle activity during cycling, a wireless 16-channel EMG system (Trigno 

Wireless EMG, Delsys, Natick, MA, USA) was used with a 1926 Hz recording frequency. 

Sensors were placed according to SENIAM guidelines bilaterally on the following muscles: 

Rectus femoris, semitendinosus, medial gastrocnemius, and tibialis anterior. Prior to sensor 

placement, the participant’s skin was shaved, rubbed with an abrasive preparation gel, and 

cleaned with an alcohol wipe. To prevent unwanted movement, all sensors were applied with 

double sided tape, wrapped in athletic pre-wrap, and taped together.  
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Experimental Protocol 

Studies 1 – 3 

 TKA participants came to the lab for one testing session one to two months after their 

TKA procedure. The testing session included completion of the informed consent packet, 

participant health information release, basic demographic information, and the PARQ+. 

Participants were allowed to continue their participation in the study if they answered “no” to the 

first page of the PARQ+ survey in addition to informed consent signing. additionally, 

participants completed of the Tampa Scale of Kinesiophoba  and the Knee Injury and 

Osteoarthritis Outcome Score surveys.  

 Participants were familiarized with the ergometer they would be using first, and a 

procedure for proper bike fit was conducted for each participant. The ergometer handlebars were 

adjusted to create a 90° hip angle while the saddle height was altered to create 25-30° of knee 

flexion with the pedal at bottom dead center. If participants were highly uncomfortable or unable 

to cycle with the amount of knee flexion, the range was increased to approximately 40°. The 

saddle fore-aft position was also adjusted to have the patella above the pedal spindle at the most 

forward pedal position as measured with a plumb bob placed on the superior patella.  

 Clinical testing was then conducted, which began with passive knee ROM testing with 

the participant lying supine on a patient table with an approximately 90° hip angle. The tibia was 

moved gently through its maximum ROM until the end of motion was felt by the researcher or 

the participant requested to stop. This procedure was completed three times, and an average of 

the measurements were taken. Knee circumference was then taken using a sewing tape measure 

around the widest aspect of the knee. This procedure was completed three times per limb, and an 

average of the measurements were taken. The final clinical test was the timed up-and-go (TUG) 
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test that involved participants standing from a chair and walking three meters around a cone and 

returning to the seat at a comfortable pace. Participants were not allowed to use their arms to 

push off or out of the seat. 

 EMG placement was conducted according to SENIAM guidelines. Functional 

movements were used to normalize EMG data in lieu of maximal contraction normalization 

methods to reduce strain on the participants. For each movement, three repetitions were 

conducted at a pace of 50 BPM as controlled by a metronome. A bodyweight squat movement 

was used to normalize the rectus femoris, semitendinosus, and anterior tibialis while the calf 

raise was used to normalize the medial gastrocnemius.  

Retroreflective markers denoting anatomical landmarks of interest were placed on the 

acromion processes, iliac crests, greater trochanters, medial and lateral epicondyles of the femur, 

medial and lateral malleoli, 1st and 5th metatarsal heads, and the distal 2nd distal phalange. Semi-

rigid, molded thermoplastic shells with four retroreflective markers attached were affixed via 

neoprene straps or harnesses to the trunk, thighs, and shanks to track segmental motions. 

Additional clusters were placed on the lateral heel of each shoe to track the foot segment, 

modeled as a rigid body. 

For the cycling conditions (Appendix A, Table 3), participants cycled in a random order 

on the ergometer at 70 RPM and 70 Watts. Participants were given a three-minute warmup on 

the cycle ergometer and additional time was given for familiarization with the first asymmetric 

crank condition (C1 or C2) that was tested. Participants cycled for two minutes at each condition 

and data were recorded only during the final 10 seconds. From this section of data, the first five 

consecutive full crank revolutions were extracted and counted as separate trials for further data 
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analysis. Following each cycling condition, participants were asked to score their pain on a 1-10 

numeric visual analog pain scale as well as a 6-20 Borg rating of perceived exertion (RPE).  

3.4 Data Analysis 

Studies 1 – 3 

The software Visual 3D (C-Motion Inc., Germantown, MD, USA) was used to process 

3D kinematics, kinetics, and EMG data exported from Vicon Nexus. Kinematic data were 

interpolated, and then kinematic and kinetic data were filtered using a 4th order zero-lag 

Butterworth filter with a cutoff frequency of 6 Hz. 3D kinematics were resolved with a Cardan 

sequence of X-Y-Z in the joint coordinate system. The inverse dynamics method in Visual 3D 

calculated relevant joint moments. Kinematic and kinetic variables were reported in accordance 

with the right-hand rule. Events of interest were manually selected or assessed using a custom 

Python (Python Software Foundation, Wilmington, DE) script to visualize each variable’s time 

series curves for the cycling trials. For each variable of interest, five discrete data points were 

selected and averaged to obtain a final value for later statistical analysis. 

Raw EMG data were band pass filtered (20-450Hz) by the collection hardware and 

digitally high pass filtered at 20 Hz to remove the zero offset. Filtered data were then full wave 

rectified before a moving root mean square function with a 91ms window size applied. The fully 

processed data were normalized to the maximum value seen for each muscle during a complete 

crank cycle for the respective limb. EMG data were additionally exported for use in 

musculoskeletal modeling validation. 

Study 3 

Musculoskeletal modeling was performed in the open-source software OpenSim (v4.5 

OpenSim, SimTK, Stanford University) that performs a variety of simulation capabilities 
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including inverse kinematics, muscle force estimation, and joint reaction force calculations 

{Delp, 2007 #221}. Kinematic and kinetic cycling data were exported from Visual 3D and 

SIMM files representing each of the five trials per condition were used. Visual3D exports SIMM 

files with scaling and inverse kinematics done through Visual3D during the export process, 

allowing the user to move directly to Static Optimization and bypassing the Scaling tool within 

OpenSim. A publicly available musculoskeletal model, referred to as the Lerner model 

throughout, consisting of 18 segments, 12 DoF, and 92 muscle-tendon actuators was used in all 

simulations {Lerner, 2015 #171}. This model resolves medial and lateral compartment contact 

forces of the tibiofemoral joint while also allowing for subject specific tibiofemoral alignment 

and medial and lateral contact points to be specified by the user. The base Lerner model was 

adjusted with radiographically determined tibiofemoral alignment along with medial and lateral 

contact points of the replaced knee by modifying the relevant weld joints as described in the 

model’s original paper {Lerner, 2015 #171}.  

Once a fully informed subject-specific model was created for each subject, muscle 

activations and muscle forces were obtained through the OpenSim Static Optimization tool 

{Steele, 2012 #413}. The objective function of the static optimization performed minimizes the 

sum of squared muscle activations. Previously published guidelines for simulation quality 

assessment and results validation were used to check maximum reserve torque actuator values 

{Hicks, 2015 #414}. Finally, joint contact forces for the medial and lateral tibiofemoral 

compartments were calculated using the ‘Joint Reaction Analysis’ tool in OpenSim and were 

expressed relative to the tibia {Steele, 2012 #413}. Two extrema were identified for the total, 

medial compartment, and lateral compartment curves for each subject across the trials of a 

particular condition.  
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Statistical Analysis 

Study One 

 Two-way 2x5 (Limb x Condition) repeated measures analysis of variance (ANOVA) 

with an α level of 0.05 were implemented for all variables of interest to investigate significant 

effects of crank arm length (IBM SPSS Statistics 29, Armonk, NY). Two one-way ANOVAs 

were used to assess pain and RPE across conditions. The Shapiro-Wilk test was used to check for 

normality, and the Greenhouse-Geisser correction used if sphericity was violated. Non-

parametric ANOVAs were not used because of the exploratory and patient-population nature of 

this work. No statistical adjustments were made to post-hoc comparisons. Effect sizes were 

reported as partial eta squared (ηp
2) and interpreted as small (ηp

2 < 0.06), medium (0.06 ≤ ηp
2 < 

0.15), or large (ηp
2 ≥ 0.15){Cohen, 1988 #152;Lakens, 2013 #552}. 

Study Two 

 For each analyzed variable, the discrete value for the replaced side was subtracted from 

the contralateral side and that difference was used as the input for the ANOVAs. Specifically, 

two-way 2x5 (Group x Condition) ANOVAs with an α level of 0.05 were implemented for all 

variables of interest to investigate significant interactions and/or effects of group or crank arm 

length condition. Furthermore, normality, adjustment, and effect size procedures are the same as 

for Study One. 

Study Three  

 To assess the potential effects on TCF, MCF, and LCF, one-way (crank length: 3) 

repeated measures ANOVAs were used with an α level of 0.05 set as the significance threshold. 

Furthermore, normality, adjustment, and effect size procedures are the same as for Study One. 
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Chapter 4: Effects of Asymmetrical Crank Arm Length Changes on Knee Biomechanics of TKA 

Patients During Ergometer Cycling 
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Abstract 

Ergometer cycling is a commonly used exercise modality for patients recovering from a total 

knee arthroplasty, but most ergometers use fixed, symmetrical crank arm lengths. Recovering 

patients often have difficulty with knee range of motion after surgery and asymmetrically 

adjusting the crank arm length for this population may accommodate for the stiff knee joint. 

Purpose: To determine the biomechanical effects of asymmetrical crank arm usage at the 

replaced limb of knee arthroplasty patients 1-2 months after their surgery. Methods: Seven 

participants with total knee replacement engaged in five cycling conditions of varying 

asymmetrical and symmetrical crank length shortening at 140mm, 155mm and 170mm  (70 W, 

70 RPM). Results: Decreases in crank length, symmetrically and asymmetrically resulted in 

significant decreases in knee and hip range of motion (ROM) as well as peak knee extension 

power. Decreased peak knee extension moment (KEM) of replaced limbs compared to 

contralateral limbs was seen for some crank lengths. Pain levels were not increased compared to 

the pre-testing pain levels and between conditions of the replaced knees. Conclusion: Knee 

kinematics were the primarily altered variables in response to crank arm length shortening and 

changes in affected muscle lengths due to decreased ROM likely explain a lack of increased 

KEMs. Asymmetrical crank arm length shortening did not increase KEMs or pain for patients 1-

2 months after total knee arthroplasty surgery and may be considered for total knee arthroplasty 

rehabilitation. 

Keywords: knee, arthroplasty, cycling, crankarm length, rehabilitation 

Introduction 

One of the more prevalent orthopedic surgeries is the total knee arthroplasty (TKA) that 

is the most common avenue to remedy end-stage knee osteoarthritis (OA). The number of TKA 
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surgeries from the US based on Medicare data was approximately 480,000 in 2019 and has a 

projected annual growth of approximately 4.44% {Shichman, 2023 #224}. A primary concern in 

the functional recovery of TKA patients is the lack of adherence to exercise regimens which can 

result in stunted recovery and potential weight gain {Bakaa, 2022 #219}. Often, these surgeries 

are initially caused by knee OA due to excess body weight {Nicholls, 2012 #202;Kulkarni, 2016 

#204}. One of the difficulties in early recovery from a TKA is obtaining functional knee range of 

motion (ROM) as preoperative capability has been shown to only be reached one year after 

surgery {Köglberger, 2022 #589}. The reduced knee ROM primarily stems from neuromuscular 

surgical damage as well as effusion of the knee joint region, causing joint stiffness and pain. 

While many post-operation exercise modalities are available, cycling is an activity that reduces 

weight-bearing loads of the knee compared to gait while still providing exercises and muscular 

strength improvements of lower limb {Kutzner, 2012 #4;Logan, 2023 #216;Oja, 2011 #217}. 

Early in the TKA rehabilitation process, stationary cycling has been implemented to improve 

early participation in exercise, knee ROM, pain reduction, and patient reported outcome scores 

with an exercise regimen started approximately 2 weeks after TKA {Zech, 2015 #220}.  

Cycling modifications may be beneficial to accommodate these limitations, one such 

modification on a cycle ergometer is the crank length. Adjustment only of the replaced knee side 

crank arm length may be able to accommodate for the reduced ROM seen after surgery in this 

population. Previous literature suggests that symmetrical shortening of the crank arms decreases 

knee joint ROM and lower limb joint velocities{Barratt, 2011 #286}. In the TKA population, 

symmetrical shortening may not be ideal when the contralateral limb is able to perform the 

movement without the same ROM limitations. TKA patients have shown significantly reduced 

peak knee extension moment (KEM) at the replaced limb on a cycle ergometer even after six 
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months after surgery as well as during level walking, ramp and stair navigation and patients may 

find it functionally difficult to perform with the replaced limb shortly after surgery{Hummer, 

2021 #200;Yocum, 2022 #222;Wen, 2019 #567}.  

Asymmetric crank arm usage has shown evidence for equalization of kinematic but not 

knee or ankle kinetic asymmetries between limbs in individuals with transtibial amputations as 

well as reduced knee extension requirements during submaximal cycling {Childers, 2014 

#225;Millour, 2020 #226}.  However, there has been scarce research on the implementation of 

asymmetric crank arms, and no studies, to our knowledge, have examined applications in the 

TKA population, and their usage may improve outcomes in rehabilitation and encourage early 

exercise adoption {Zhang, 2025 #591}. Therefore, the purpose of this study is to examine the 

novel idea of using a pair of adjustable crank arms to examine asymmetrical shortening of crank 

length in accommodating for ROM difficulties and pain during cycling at the knee of patients in 

early post-TKA rehabilitation {Gaffney, 2016 #175;Hummer, 2021 #200;Kline, 2020 #176}. It is 

hypothesized that knee ROM, and peak KEM and knee extension power will be lower in the 

most recently replaced knee during asymmetrical crank length conditions when compared to the 

contralateral knee of patients with at least one TKA. Secondarily, it was hypothesized that 

replaced knee pain and rating of perceived exertion (RPE) will be lower for asymmetrical crank 

length conditions compared to the symmetrical conditions.  

Methods 

Participants 

 Seven participants (4 female, 3 male, 67±7 years, 1.7±0.14 m, 95±23.6 kg, 31.5±4.6 

BMI, 54±4 days post-TKA) with at least one TKA (3 bilateral, 4 unilateral) were recruited to 

participate in this study (Table 1). The most recent implant designs for all patients included 
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Stryker Triathlon CR, Smith & Nephew Oxinium Journery II CR, or Zimmer Biomet Persona 

Narrow PS. All participants were from a local physical therapy clinic and operated on by the 

same surgeon at Tennessee Orthopaedic Alliance East . The comparisons made for this study 

considered the most recently operated on knee as the “replaced” knee and the contralaterally 

replaced knee was considered the “contralateral” side for bilateral TKA recipients. All 

participants completed testing between 1 and 2-months post-operation and were required to be 

between the ages of 50 and 75. Inclusion criteria included the capacity to reach at least 100° of 

knee flexion passively in the most recently replaced knee as measured and reported by the local 

physical therapy clinic. Exclusion criteria included those with a BMI over 40, neurological 

conditions that would prevent walking or cycling without external aid, total or partial lower limb 

amputation, cardiovascular disease, or diagnosed OA of the ankles, hips, or spine. Additionally, 

participants were excluded if they had received a contralateral TKA within 4 months of their 

most recent surgery date. Using data from  an unpublished study, a power analysis (G*Power 

3.1; Heinrich Heine University Dusseldorf, Dusseldorf, Germany) using sagittal knee ROM 

during submaximal asymmetric crank arm ergometer cycling in a young, healthy population was 

conducted with an effect size of 0.979 and an α level of 0.05 to achieve a power of 0.80 {Zhang, 

2025 #591}. The analysis revealed a minimum sample size of 4 participants were needed. All 

participants signed the approved informed consent form before study participation approved by 

the university’s Institutional Review Board. 

Instrumentation 

An electromagnetically braked cycle ergometer (Excalibur Sport, Lode, Groningen, 

Netherlands) equipped with a visual cadence and power screen was used to carry out all cycling 

tasks. The Lode Ergometry Manager software package was used on an external laptop and 
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connected to the bike to control workrate. In order to adjust crank arm lengths asymmetrically, 

adjustable crank arms (Sport crank, Lode) were used with a minimum adjustment of 5mm from 

90mm - 185mm. Recording of 3-dimensional pedal reaction forces (PRFs) was done through a 

pair of custom-built instrumented bike pedals outfitted with two 3-dimesional force sensors 

(Type 9027C, Kistler, Switzerland), and amplifiers (Type 5073A, Kistler, Switzerland) recording 

analog data at 1200 Hz. The bike’s position was aligned with with the laboratory coordinate 

system using a custom metal jig attached to an in-ground force platform. Prior to data collection, 

a bike fit procedure was carried out that included adjustment of the saddle height to elicit 25-30° 

of knee flexion in the most recently replaced limb with the pedal at bottom dead center. For 

participants where this range was too restrictive or painful, a position resulting in approximately 

40° of knee flexion was used. The fore-aft location of the saddle was also manipulated to 

vertically align the replaced knee with the pedal’s spindle with the crank arm at approximately 

90° of a crank cycle. The anteroposterior position of the handlebars was adjusted to achieve a 

90° between the trunk and thigh. 

A 12-camera motion analysis system (240 Hz; Vicon Motion Analysis Inc., Oxford, UK) 

was used to capture optical data. During data collection, each participant was provided with a 

pair of standardized laboratory shoes (Zoom Pegasus 34, Nike). Participants were outfitted with 

retroreflective anatomical markers and segment tracking marker clusters mounted on semi-rigid 

thermoplastic shells. For the static trial, anatomical markers were placed bilaterally on the 

following bony landmarks: acromion process, iliac crest, anterior superior iliac spine, posterior 

superior iliac spine, greater trochanter, medial and lateral femoral epicondyles, medial and lateral 

malleoli, the heads of the 1st and 5th metatarsals, and the distal phalanx of the second toe. 

Marker clusters, each consisting of four non-coplanar markers on semi-rigid thermoplastic, were 
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attached with Velcro to neoprene straps on the trunk and bilaterally on the posterolateral thighs, 

shanks, and heels. Heel clusters were secured with double-sided tape to the posterolateral portion 

of the shoe’s rigid heel. Two separate 2-marker clusters were placed on the posterior pelvis to 

track the pelvis segment. PRF and kinematic data were synchronized and collected using Vicon 

Nexus (Version 16.0; Vicon Motion Analysis Inc., Oxford, UK) on the same computer system . 

Experimental Protocol 

Participants engaged in one laboratory collection session. Prior to data collection, 

participants completed the informed consent form, patient health information release, physical 

activity readiness questionnaire (PARQ+), Knee Injury and Osteoarthritis Outcome Score 

(KOOS) survey, and the Tampa Scale of Kinesiophobia (TSK). The first clinical test was the 

timed up-and-go (TUG) test, where participants stood from a seated position, walked 3 meters, 

and returned to the seat; it was performed three times and averaged. Next, knee circumference 

and passive knee ROM were taken with participants laying supine on a treatment table with a 

goniometer.  

 Before the actual testing, the participant warmed up for 3 minutes on the cycle ergometer 

with symmetrical 170mm crank arms (Figure 1, all figures available in the appendix). The five 

cycling conditions were as follows for the replaced/contralateral limbs (in mm): C1 (140/170), 

C2 (155/170), C3 (170/170), C4 (155/155), C5 (140/140). The participants cyled in each 

condition for 2 minutes at 70 W with a requested cadence of 70 RPM. Data were only recorded 

for the final 10 seconds of each 2-minute bout. Each participant completed the standard 

crankarm length on both sides (C3) first before completing the remaining four conditions in a 

randomized order. Participants were asked to maintain 70 ± 2 RPM to the best of their ability and 

were given a rest period between each condition that was a minimum of 2-minute or as long as 
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needed. All participants were able to maintain a minimum of 65 RPM.The participants were 

asked to rate their knee pain on a 0-10 numerical visual analog scale and their rating of perceived 

exertion (RPE) from 6-20 using the Borg scale.  

Data Analysis 

 For each condition of cycling, the 10-second trial was truncated into the first five 

consecutive crank cycles that consisted of a single full crank cycle for both legs. The kinematic 

and kinetic data were exported to Visual 3D (Version v2025.01.2, HAS-Motion Inc., Kingston, 

Ontario, Canada) for further processing and computations. Kinematic and kinetic data were 

filtered using a 4th order zero-lag Butterworth filter with a cutoff frequency of 6 Hz {Gardner, 

2016 #106}. 3D kinematics were resolved with a Cardan sequence of X-Y-Z in the joint 

coordinate system {Grood, 1983 #576}. Inverse dynamics was used to calculate joints moments 

and expressed at the proximal segment of the joint, for example, the knee moments were 

expressed at the thigh. In order to determine segment masses, the default setting in Visual 3D 

was used that implemented regression equations developed by Dempster {Dempster, 1955 

#604}. Kinematic and kinetic variables were reported in accordance with the right-hand rule. 

Discrete events of interest were manually assessed and selected using a custom Python script 

{Menke, 2024 #585} and each variable’s time series curves were visualized for the cycling trials 

to ensure accuracy.  

Statistical Analysis 

All statistical analysis was done using the IBM Statistical Package for Social Sciences 

(SPSS, v29.0.0.0) with an α level set a priori to 0.05 for all tests as the significance threshold. To 

assess each selected variable, two-way 2 x 5 (Limb x Condition) repeated measures ANOVAs 

were used. The Greenhouse-Geisser correction was applied whenever assumptions of sphericity 
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were violated. Partial eta squared (𝜂𝑝
2) was reported to assess effect size with the following 

classifications: small (𝜂𝑝
2 = 0.01), medium (𝜂𝑝

2 = 0.06), and large (𝜂𝑝
2 = 0.14){Lakens, 2013 

#552}. When a significant main effect or interaction is discovered, post-hoc comparisons were 

made without adjustments of alpha level due to the small sample size present. Finally, two one-

way ANOVAs were performed on the pain and RPE data across conditions to evaluate potential 

significant differences between crank length conditions. Dependent t-tests were performed on 

pre-testing pain levels and post-test pain levels for each cycling condition. 

Results 

 ANOVAs were performed with selected variables from the knees and pedals (Table 2). A 

significant main effect of crank arm length was found for knee extension ROM (p < 0.000, 𝜂𝑝
2 =

0.103), peak knee extension angle (p < 0.000, 𝜂𝑝
2 = 0.740), and knee power (p = 0.032, 𝜂𝑝

2 =

0.345). Post-hoc comparisons showed that knee ROM was significantly decreased, relative to 

C3, between all compared combinations of the conditions. Specifically, knee ROM decreased as 

crank arm length decreased in both symmetrical and asymmetrical crank arm conditions (all p ≤ 

0.001, Table 2).  An ensemble curve for the knee joint angles across the crank arm conditions is 

provided (Figure 2).  Specifically, the knee adopted a more flexed peak position in response to 

shorter crank arm lengths in both asymmetrical and symmetrical conditions.  Peak knee 

extension angle results showed a consistently more flexed knee on the replaced side with 

increasing amounts of peak knee flexion as crank arm length shortened (all p < 0.020). There 

was an interaction (p = 0.017) between limb and condition for knee extension angle which 

indicates that a more complex relationship between changing crank lengths and the limb of 

interest is present. KEM showed a significant limb main effect  (p = 0.025, 𝜂𝑝
2 = 0.595) with 

post hoc comparisons showing significant differences between limbs at asymmetric 155mm (p = 
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0.045) crank arm length as well as symmetric 155mm (p = 0.025) and 140mm (p = 0.048) crank 

arm lengths. 

Peak knee power displayed a significant condition main effect (p = 0.032, 𝜂𝑝
2 = 0.345) 

and a significant limb main effect (p = 0.031, 𝜂𝑝
2 = 0.569). Post hoc comparisons revealed that 

peak knee power showed a significant main limb effect (p = 0.025). Interaction effects between 

condition and limb were significant for vertical pedal reaction force (PRFz, p = 0.043, 𝜂𝑝
2 =

0.326) but did not result in any significant post-hoc comparisons.  

Additionally, ANOVAs were conducted on specific ankle and hip variables (Table 3). 

Condition main effects for ankle ROM (p = 0.003, 𝜂𝑝
2 = 0.468) and hip ROM (p < 0.000, 𝜂𝑝

2 =

0.930) were significant. Post-hoc comparisons revealed that hip ROM was significantly different 

amongst all compared combinations of conditions (all p < 0.005, Table 3), similar to knee ROM. 

An ensemble curve for sagittal hip joint angle (Figure 3) and sagittal ankle joint angle (Figure 

4) across the crank arm conditions is provided. Ankle ROM was only significantly different 

between the pairs: C1/C5, C2/C3, C3/C5. Hip ROM was consistently lower for the replaced side 

in all conditions while ankle ROM was consistently greater for the replaced side except for C3. 

No condition and limb interactions were significant for the ankle or hip variables.  

For pain and RPE measurements, no significant differences were observed between 

conditions (Table 4).  Dependent t-tests were performed comparing pre-testing pain levels to 

post-testing pain levels after each condition. No significant differences were found between pre- 

and any post-testing pains. 

Discussion 

 The primary aim of this work was to quantify the effects of asymmetrical and 

symmetrical shortening of ergometer crank arms on knee biomechanical variables during 
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stationary cycling. The main hypothesis of decreased knee extension ROM, peak KEM, and peak 

knee extension power during asymmetric crank conditions compared to symmetric crank 

conditions was partially supported by the results of this study. Knee ROM did significantly 

decrease for asymmetrical and symmetrical crank arm conditions (155mm and 140mm, while 

knee extension power significantly decreased for the symmetrical shortened conditions only. 

However, peak KEM did not change significantly across asymmetrically and symmetrically 

shortened crank conditions.  

Specifically, knee ROM of the replaced limbs decreased 6.2° over a total crank length 

shortening of 30mm in asymmetrical conditions and 9.7° for symmetrical conditions, indicating 

a greater knee ROM reduction from symmetrical shortening.  In comparison, these values are 

quite close to the approximate 5° ROM reduction found in asymmetric crank arm usage by 

Childers, et al. {, 2014 #225}, however they were using 162mm crank arms for the affected limb 

and their patients had a transtibial amputation and the results may not be directly comparable to 

the TKA population. Minimal literature exists on this topic and comparisons to literature 

incorporating asymmetrical manipulations of the crank arms are difficult. A possible explanation 

for discrepancies between these studies lies in the bike fit procedure. While this study 

implemented a standardized procedure, Childers et al. {Childers, 2014 #225} used bike fit 

measurements from the participant’s own bikes. These results suggest that both asymmetrical 

and symmetrical shorting of crankarms can achieve the purpose of knee ROM reduction to 

accommodate the reduced knee ROM for the patients with TKA.  However, considering 

symmetrical shortening results in a greater knee ROM reduction, even shorter asymmetrical 

crank arm length may be needed to produce the same amount of knee ROM reduction. This 

finding is unique considering the replaced limb crank arm lengths are the same, at C1 and C5, 
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and suggests that there may be some kinematic compensation from the contralateral limb or from 

neighboring joints of the replaced limb. Specifically, the asymmetrical conditions do allow the 

contralateral limb to utilize the 170mm crank arm length to reduce the ROM required of the 

replaced knee.  

Peak KEM surprisingly did not exhibit any significant condition differences or 

interaction, although it did produce a limb main effect,  showing peak KEM being consistently 

greater in the contralateral limb compared to the replaced limb. A significantly lower KEM for 

the replaced side was seen asymmetrically at 155mm and symmetrically at 155mm and 140mm. 

Additionally, peak KEM values for the replaced and contralateral limbs at symmetrical 170mm 

crank lengths were approximately 17 Nm and 25 Nm, respectively, which are in line with peak 

KEMs reported by Hummer et al.{, 2021 #200} at 80 W and 80 RPM. However, it should be 

noted that Hummer et al. {Hummer, 2021 #200} recruited participants 6-18 months post-surgery 

compared to the present study’s criteria of 1-2 months post-surgery. This finding demonstrates a 

diminished ability of the replaced limb to produce torque even at symmetrical crank lengths, 

which is expected so close to surgery. It is important to note that the contralateral side for this 

study contains a mixed group of unilateral and bilateral participants and limb differences should 

therefore be interpreted with caution. However, Yocum et al. {, 2024 #595} reported only a 

significant lower peak KEM between the most recently replaced limb of bilateral TKA 

participants with unilateral participants during level walking. Considering that cycling is an 

activity with lower weight bearing requirements than gait, it should be of interest to further 

investigate the moment differences that may be present between these patients with unilateral 

and bilateral replacements during different specific phases of the crank cycle.  
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Our KEM results provide further support for the findings by Hummer et al. {Hummer, 

2021 #200} that even after extended time post-op, these participants are not completely 

recovering their most recently replaced limb’s muscular capacity. Furthermore, the lack of KEM 

increases with decreased crankarms may be explained by the associated muscle length changes. 

As knee ROM changes, so does the length of the involved knee extensors during the pedal cycle 

and thus the muscular capacity is expected to change. Given reduced ROM of the knee during 

the cycle in shortened crank length conditions, the quadriceps can be assumed to be changing 

length proportionally and their force output considered altered. While it was expected that KEM 

would increase in response to the decreased lever arm, these data suggest that participants are 

compensating more kinematically at the knee instead.  Shortened muscle lengths due to crank 

arm shortening is likely decreasing optimal muscle force production which aligns with a lack of 

KEM increase seen in the present study. Barratt et al.{, 2016 #508} investigated the ratio of leg 

length to crank arm length and determined via a regression equation thatthere was not a linear 

proportional change in power output relative to the leg length to crank length ratio. When 

altering crank lengths for patient populations, muscle length changes due to exercise 

interventions such as crank arm length adjustments should be considered as there may be a point 

that the crank length is too short. While the lever arm of the knee extensor musculature is 

shortened in response to crank arm shortening, the commensurate reduction in knee ROM seems 

to mitigate that effect as shown by a lack of widespread changes in KEM.  

  Peak knee extension power of the replaced limb decreased significantly from 

symmetrical 170mm crank lengths to symmetrical 155mm crank lengths. Unlike the peak KEM 

results, these reductions are most likely a results of increased knee angular velocities at these 

conditions. Peak KEM was found to be significantly lower in the replaced limb compared to the 
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contralateral limb regardless of condition. Qualitatively, the contralateral limb was 

approximately 5 - 7 Nm greater than the replaced limb across conditions. This trend of increased 

values for the contralateral limb is unsurprising given the proximity of these participants to their 

surgery. However, considering the replaced limb values align with Hummer et al. {Hummer, 

2021 #200} who used patients much further from surgery, the evidence from the present study 

suggests a lack of adequate KEM rehabilitation over time. . The differences between limbs are 

consistent across symmetrical and asymmetrical shortening as well, which indicates that 

minimal, if any, compensations are occurring in peak knee extension power for this population.   

 The secondary hypotheses regarding an expected decrease in pain and RPE of the 

replaced limb for the asymmetrical crank arm conditions were not supported. Average pain of 

the replaced limb during all cycling conditions was approximately 1.5 out of 10 with pre-testing 

pain being an average of 2.8. While the crank arm shortening for the replaced side did not 

decrease pain or RPE, they also did not increase the pain, which indicates the asymmetrical 

change would not be detrimental from this aspect. The pain levels during cycling were quite low 

with averages of between 1 and 1.6 on a 0-10 scale across all crank conditions, which indicates a 

minor reduction in overall pain due to cycling as a modality and provide evidence for the safety 

of cycling for TKA patients. Considering asymmetric conditions did not increase pain, it may be 

considered a safe alternative to symmetrical crank arm cycling subject to further work with a 

greater sample size and alternative populations with lower extremity pathologies of imbalances. 

Indeed, a meta-analysis of stationary cycling studies concluded that cycling did improve pain 

scores compared to those who were not exercising {Luan, 2021 #596}. The RPE values found 

for this submaximal cycling are considered “light” on the Borg scale and approximately 

equivalent to the values seen by Millour et al.{, 2020 #226} during submaximal cycling with 



123 

 

crank arm lengths of 160-170mm. Low pain and RPE levels may also indicate that the resistance 

of 70 W and cadence of 70 RPM used in this study were not sufficient enough to alter RPE, but 

with a patient population early in recovery it is not advisable to considerably increase exercise 

difficulty.  

 Ankle and hip variables were included in this study to evaluate if compensatory 

behaviors occur proximally or distally to the knee as a result of the crank length changes. Hip 

extension ROM was the most broadly affected variable in this regard because it was significantly 

different between all condition combinations. Hip ROM decreased for the replaced and 

contralateral sides when moving from 170mm crank lengths to asymmetrical 140mm cranks, 

with a replaced side average reduction of 3.5°. In comparison, replaced knee ROM had an 

average reduction of 6.1° for these same conditions. For the ankle, replaced side ankle ROM was 

reduced only by an average 0.6° from 170mm and asymmetrical 140mm crank length for the 

replaced limb. Millour et al.{, 2020 #226} did not report significant change of average ankle 

ROM from 170mm to 160mm crank lengths. When assessing the ankle, it does not appear to 

provide more kinematic or muscular assistance as shown by the lack of differences across 

conditions.  Additionally, the hip extension moment showed no significant changes across 

conditions or limbs, but given the broad changes seen in hip extension ROM it is likely that the 

hip is more responsive to crank arm length changes than the ankle in the present study. Similar to 

knee musculature length changes due to reduced ROM, it is likely it occurs also at the hip and 

causing unaltered joint moments. Future work may evaluate if these patterns are seen in 

participants that are trained to cycle asymmetrically over more sessions to evaluate potential 

chronic mechanical or neuromuscular adaptations to the movement and additionally longitudinal 

interventions for TKA rehabilitation.  
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 When interpreting the results from this work, several limitations should be considered. 

Although a power analysis suggests a minimum sample size of 4 is sufficient, the sample size of 

7 in this study is quite small and should be bolstered to increase statistical confidence in the 

conclusions. A second potential limitation comes from the bike fit standardization procedure that 

has been used in other published works. With this study’s population being so close to their 

surgery date, acquiring the specified knee ROM for the bike fit was challenging due to stiffness, 

pain, and discomfort. While this issue would likely be avoided with a population that is further 

along in their recovery, there would be a loss in the value of investigating potential rehabilitation 

effects due to the extended amount of time that has passed. The chosen wattage of 70 W and 

cadence of 70 RPM may be too easy for some participants. Varying recreational activity levels 

will likely be different amongst participants with TKA and a form assessing physical activity 

participation or objective dynamometer assessment may be warranted for future work. It may be 

warranted to personalize cycling workrate between patients to maximize the efficacy of cycling 

as a rehabilitation modality. Finally, the use of contralateral in the scope of this study is difficult 

because some participants had contralateral TKAs, some had diagnosed OA of the contralateral 

side, and some did not have OA on the contralateral side. When making an asymmetrical change 

to the ergometer for future clinical research, it may be necessary to incorporate more control over 

the status of the contralateral limb within the subject pool.  

Conclusion 

 TKA patients adjusted their replaced knee, hip, and ankle ROM as a result of 

asymmetrical and symmetrical crank arm shortening but did not increase KEM or pain during 

stationary ergometer cycling. These findings suggest that knee loading is not adversely affected 

by asymmetrical or symmetrical crank arm length shortening for the replaced limb. It was seen 



125 

 

that symmetrical shortening reduced knee ROM more than asymmetrical shortening to the same 

length, and a greater shortening may be needed asymmetrically to achieve the same ROM 

changes. Additionally, the results suggest that asymmetrical and symmetrical shortening of the 

crank arm for individuals 1-2 months post-TKA is not likely to affect the implant negatively and 

could be implemented to accommodate knee stiffness deficits seen soon after surgery. Further, a 

longitudinal study evaluating the efficacy of asymmetrical versus symmetrical shortening for 

beneficial rehabilitation outcomes is necessary. At this point, the research evidence seems to 

suggest that clinical practitioners may decide to use asymmetric or symmetrical crank arm 

reductions to accommodate for the reduced knee ROM and facilitate neuromuscular function 

recovery after TKA surgery and these may be accomplished with commercially available 

crankarm adapters or cycle ergometers with adjustable crankarms.
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Chapter 5: Preliminary Investigation of Asymmetric Cycling Biomechanics in Early Unilateral 

and Bilateral Patients of TKA 
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Abstract 

 Ergometer cycling is a commonly prescribed exercise for total knee arthroplasty patients 

to reduce knee stiffness, often using symmetrical crank arms. It is unclear whether asymmetrical 

adjustments to the replaced side similarly affect unilateral and bilateral patients early in recovery.  

Purpose: To quantify the biomechanical differences between the limbs of unilateral and bilateral 

total knee arthroplasty recipients and determine if this intervention affects the groups differently. 

Methods: Three bilateral and four unilateral recipients of knee replacements were recruited 1-2 

months after their surgery. All cycled in symmetrical and asymmetrical crank lengths of 170mm, 

155mm, and 140mm with the asymmetrically shortened cranks on their recently replaced limb, at 

70 W and 70 RPM. Results: A significant condition main effect was found for the peak knee 

extension angle. Cycling asymmetrically at 155mm crank arm lengths was significantly different 

from symmetrically at 170mm and 155mm crank arm lengths. No significant results were found 

for peak knee extension moment, knee range of motion, peak ankle plantarflexion moment, or 

peak hip extension moment. Conclusion: The use of asymmetric or symmetric shortening of the 

crank arms does not appear to change the difference of knee kinetic and other lower limb 

biomechanical variables between the limbs of unilateral or bilateral participants during cycling. 

This study provides initial evidence for the efficacy of this intervention in both patient groups. 

Keywords: crankarm length, arthroplasty, unilateral TKA, bilateral TKA, cycling, rehabilitation 
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Introduction 

Total knee arthroplasty (TKA) is a surgery for individuals with end-stage knee 

osteoarthritis (OA). Approximately 36% of unilateral TKA patients will undergo a contralateral 

replacement within 10 years of initial surgery and approximately 70% of Kellgren-Lawrence 

grade 4 radiographic signs are present {Sayeed, 2011 #592;Kellgren, 1957 #136}. 

Biomechanical research comparing unilateral and bilateral TKA patients is scarce, but 

investigations into stair climbing have revealed that kinetic differences between the two groups 

are present {Yocum, 2022 #222}. Yocum et al. {, 2022 #222} reported that bilateral patients 

exhibited lower knee extension moments (KEM) for their initially replaced limb compared to the 

contralateral limb of unilateral participants. Furthermore, Yocum et al. {, 2024 #595} have also 

presented level walking data from the same participant group and determined that unilateral and 

bilateral TKA recipients display altered kinetics. Loading response KEM for the most recently 

replaced limb of bilateral participants was significantly lower than both limbs of unilateral 

participants. During push off, no significant differences were seen between limbs or groups 

which indicate differences only occur during the power generation phases of gait. Specifically, it 

was concluded that the contralateral limb of unilateral TKA participants was not a valid control 

limb and therefore unilateral and bilateral TKA participants should be evaluated separately 

instead of pooled together. That research suggests that patients with unilateral and bilateral 

TKAs may be adopting different movement strategies, however this conclusion has not been 

investigated in terms of cycling biomechanics.  

A consistent issue in recovery from any TKA is the difficulty in obtaining a functional 

knee range of motion (ROM), and it has been shown that knee flexion capacity is a significant 

risk factor for undergoing a contralateral TKA {Okamoto, 2023 #593}. Reduced knee ROM is 
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likely after surgery due to surgical side effects and effusion causing stiffness, and some patients 

only recover their pre-operative knee ROM one year after surgery {Köglberger, 2022 #589}. 

One of the most common exercise modalities used to reduce knee stiffness and promote knee 

ROM recovery after surgery is ergometer cycling because it lowers weight bearing requirements 

of the knee compared to gait while maintaining and promoting muscular strength recovery and 

cardiovascular benefits {Kutzner, 2012 #4;Logan, 2023 #216;Oja, 2011 #217}. Stationary 

cycling starting 2 weeks after surgery has been able to improve knee ROM and patient-reported 

outcome scores while also decreasing pain in the replaced knee {Zech, 2015 #220}. In addition 

to the ROM deficits, unilateral TKA patients also exhibit decreased KEMs during cycling, and 

ramp navigation {Hummer, 2021 #200;Wen, 2019 #567}. These kinematic and kinetic 

differences suggest that knee recovery after surgery may not be optimized and more tailored 

exercise modalities should be investigated. Exercise interventions that can gradually 

accommodate for deficits and allow for strengthening of the knee and surrounding tissue are 

therefore of interest.  

Adjustments of the cycle ergometer can be made to accommodate different clinical 

populations in their rehabilitation, such as adjustment of the seat height, pedal width, or crank 

arm length. Symmetrical crank arm length shortening has shown a decreased knee ROM 

requirement as well as lowered knee joint velocities in healthy participants {Barratt, 2011 #286}. 

These findings show promise for the TKA population that has difficulty in obtaining sufficient 

knee ROM due to stiffness and pain soon after surgery, but symmetrical shortening may not be 

ideal for the patients with unilateral TKA. Asymmetric crank arm shortening has only been 

investigated in transtibial amputee {Childers, 2014 #225} and limb-length difference {Millour, 

2020 #226} populations to reduce knee ROM and improve comfort during cycling. In the TKA 
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population, the potential benefit of cycling with asymmetric crank arm shortening is to 

accommodate reduced knee ROM and pain of the replaced limb, while secondarily assisting in 

the development of the replaced knee’s strength soon after surgery. To our knowledge, there has 

been minimal research regarding asymmetric crank arms, with no research involving the TKA 

population, unilateral or bilateral {Zhang, 2025 #591}. Currently, it is unknown if rehabilitation 

interventions should be the same for patients with unilateral or bilateral TKAs or if a more 

group-based approach is warranted. 

The purpose of this study was to compare the differences in biomechanical variables of 

the knee and other lower limb joints between the limbs of participants with a unilateral or 

bilateral TKA in response to asymmetrical crank arm adjustment in stationary cycling. Previous 

literature has suggested that bilateral participants may be utilizing the hip and ankle more as 

compensatory assistance for the knee compared to unilateral participants, as reported by Yocum 

et al. {Yocum, 2022 #222} in stair descent tasks. It is hypothesized that the difference of peak 

KEM between limbs will be significantly lower and peak hip extension or peak ankle 

plantarflexion moment differences will be significantly greater in bilateral TKA participants 

compared to unilateral TKA participants for all cycling conditions.  

Methods 

Participants 

 Seven participants, 3 bilateral (3 male, 69±4 years, 1.9±0.05 m, 116±14.4 kg, 33.2±4.5 

BMI, 52±3 days post-TKA) and 4 unilateral (4 female, 65±8 years, 1.6±0.05 m, 78.4±12.9 kg, 

30.2±4.9 BMI, 56±3 days post-TKA) were recruited from the physical therapy clinic of 

Tennessee Orthopaedic Alliance East to participate in this study (Table 1, all tables available in 

the appendix). All participants had TKA operations performed by the same surgeon at the 
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Tennessee Orthopaedic Alliance East.  The “replaced knee” was considered the most recently 

replaced knee for bilaterally replaced participants. Participants were required to be between the 

ages of 50 and 75 at the time of data collection and between 1- and 2-months post-TKA 

operation. Participants were required to have at least 100° of passive knee flexion ROM in the 

most recently replaced knee in order to complete the cycling tasks. Participants were excluded 

from participating in the study if they were diagnosed with OA of the ankles, hips, or spine as 

well as those who had a contralateral TKA within 4 months of their most recent surgery date. 

BMI over 40, neurological conditions preventing them from cycling or walking without external 

aid, partial or total lower limb amputation, and/or cardiovascular disease were also screened for 

as exclusionary criteria.  

A power analysis (G*Power 3.1; Heinrich Heine University Dusseldorf, Dusseldorf, 

Germany) based on a repeated measures ANOVA of sagittal knee ROM during submaximal 

asymmetric crank arm ergometer cycling in a young, healthy population found that, with an 

effect size of 0.979, a minimum of four participants were needed with an α level of 0.05 to 

achieve a power of 0.80 {Zhang, 2025 #591}. All procedures, recruitment paperwork, and study 

material were approved by the university’s Institutional Review Board. 

Instrumentation 

 Cycling tasks were performed on an electromagnetically braked cycle ergometer (Lode 

Excalibur Sport, Groningen, Netherlands). Workrate for the ergometer was controlled from an 

externally connected laptop using the Lode Ergometry Manager software and displayed on the 

bike’s screen. Manufacturer-built adjustable crank arms (Sport crank, Lode) were attached to the 

ergometer to allow for asymmetric adjustment of crank arm lengths in the smallest increment of 

5mm. A pair of custom-built instrumented bike pedals was used with each pedal consisting of 
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two 3-dimensional force sensors (Type 9027C, Kistler, Switzerland), and amplifiers (Type 

5073A, Kistler, Switzerland). These sensors (1200 Hz) were used to collect pedal reaction force 

(PRF) data during testing.  

A custom metal jig was constructed to align the bike to an in-ground force platform to 

align the cycle ergometer with the lab coordinate system. A standardized bike fit procedure was 

conducted for each participant, which included an adjustment of the saddle’s height to produce 

25-30° of knee flexion while the replaced knee’s limb was as bottom dead center of the pedal 

cycle. For some participants, this position resulted in too much pain, or their knee stiffness made 

the position uncomfortable and a saddle height resulting in approximately 40° flexion was used. 

The fore-aft position of the handlebars was set by measuring the angle between the thigh and 

trunk to achieve approximately 90°. The fore-aft position of the saddle determined with the 

replaced knee limb resting at approximately 90° of the pedal cycle, or the most forward pedal 

position, and a plumb bob was used to align the patella with the pedal spindle. 

 A 12-camera motion analysis system (Vantage 5 and Valkraie 8, 240 Hz; Vicon Motion 

Analysis Inc., Oxford, UK) was used to record optical data for kinematics. During collection, 

each participant was provided a pair of laboratory standard shoes (Zoom Pegasus 34, Nike). 

Participants were outfitted with retroreflective anatomical markers and segment tracking marker 

clusters mounted on semi-rigid thermoplastic shells. Anatomical markers for the static trial were 

placed bilaterally on the following bony landmarks: acromion process, illiac crest, anterior 

superior iliac spine, posterior superior iliac spine, greather trochanter, medial and lateral femoral 

epicondyle, medial and lateral malleoli, head of 1st and 5th metatarsals, and the distal phalanx on 

the second toe. Marker clusters to track segmental motion consisted of 4 markers each that were 

non-coplanar affixed with velcro to neoprene straps to the trunk and bilaterally to the thighs, 
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shanks, and heels. The pelvis was tracked with two separate 2-marker clusters placed on the 

posterior pelvis. PRF and kinematic data were integrated and simultaneously recorded using the 

Vicon Nexus (Version 16.0; Vicon Motion Analysis Inc., Oxford, UK) software on one 

computer. 

Experimental Protocol 

  Participants in the study attended one laboratory data collection. Upon arrival, patient 

demographics were collected along with a patient health information release and physical 

activity readiness questionnaire (PARQ+) 

 Participants were given at least a 3-minute warmup at a 0 W and a self-selected pace. All 

conditions were conducted with a wattage setting of 70 W and a desired cadence of 70 

revolutions per minute (RPM) for a total of 2 minutes per condition. Each participant completed 

first with symmetrical 170mm crank arms (C3) as a reference before continuing through the 

other four conditions in a random order. The additional cycling conditions, presented as crank 

lengths for the Replaced/Contralateral limbs (in mm): C1 (140/170), C2 (155/170), C4 

(155/155), C5 (140/140). Participants were requested to maintain the 70 RPM cadence to the best 

of their ability during the 2-minute period and data were recorded during the final 10 seconds of 

each condition. Between conditions, participants were able to rest at least 2 minutes, or as long 

as necessary, while the crank arm lengths were changed. Following each cycling condition, 

participants were asked to rate their replaced knee pain from 0-10 on a numerical visual analog 

scale as well as their general rating of perceived exertion (RPE) from 6-20 using the Borg Scale.  

Data Analysis 

The first five consecutive crank cycles for the replaced and contralateral were extracted 

as from  each 10-second collection for each test condition. Visual 3D (Version v2025.01.2, HAS-
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Motion Inc., Kingston, Ontario, Canada) was used to process 3D kinematics and kinetics as well 

as EMG data and to compute derived variables. A 4th order zero-lag Butterworth filter with a 

cutoff frequency of 6 Hz {Gardner, 2016 #106} was used to filter kinematic and kinetic data. A 

X-Y-Z Cardan sequence was used to resolve kinematics in the joint coordinate system {Grood, 

1983 #576}. To calculate joint moments, inverse dynamics were implemented and expressed 

relative to the proximal segment of a given joint, such as expressing knee moments at the thigh. 

Default Visual 3D settings were used to calculate segment masses from the regression equations 

provided by Dempster {Dempster, 1955 #604}. A custom Python script was used to visually 

identify discrete data points for variables of interest and averaged together to obtain final values 

for statistical inputs {Menke, 2024 #585}. Discrete variables were obtained for the recently 

replaced limb and the contralateral limb of each participant. A simple difference was calculated 

by subtracting the replaced limb’s discrete value from the contralateral limb’s value. A result 

close to zero indicates that the peak response from both limbs was similar. This work can be 

considered exploratory due to the small sample size. The simple difference was chosen over a 

symmetry index to first evaluate variables individually instead of an index value that would be 

compared across variables. 

Statistical Analysis 

 Statistical testing was performed using the IBM Statistical Package for Social Sciences 

(SPSS, v29.0.0.0) with the significance threshold set a priori to 0.05. For all variables of interest, 

a difference was taken by subtracting the value of the most recently replaced side from the 

contralateral side (native knee for unilateral, replaced knee for bilateral) for each condition. A 

value closer to zero indicates a more symmetrical behavior between the limbs while a positive 

number indicates that the contralateral limb had a greater value. These differences were used as 
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the input for two-way (2x5: Group x Condition) repeated measures ANOVAs . When 

assumptions of sphericity were violated, the Greenhouse-Geisser correction was applied. Partial 

eta squared (𝜂𝑝
2) was reported to assess effect size with the following groups: small (𝜂𝑝

2 = 0.01), 

medium (𝜂𝑝
2 = 0.06), and large (𝜂𝑝

2 = 0.14) {Lakens, 2013 #552}.  

Results 

ANOVAs were conducted on a variety of pedal and knee variables (Table 5) between the 

unilateral and bilateral groups with the input values being the result of the contralateral limb 

minus the replaced limb as described in the Methods. A significant main effect of condition was 

found for peak knee extension angle (Table 5, Figure 5, p =0.023, all figures available in the 

appendix).  The post-hoc comparisons showed significant differences between the asymmetrical 

155mm and 140mm conditions (p = 0.043) where the difference value decreased, indicating less 

difference between limbs with symmetrical 170mm crank arms. Additionally, a significant 

difference between asymmetrical and symmetrical 155mm crank arms  (p = 0.001) was found 

with a similar effect of a decreased difference between limbs.  

No significant main effects or interactions were seen for PRF, knee extension ROM, peak 

KEM (Figure 6), or peak knee extension power. For the hip and ankle variables, no significant 

main effects of condition and group, and their interactions were observed for these variables 

(Table 6). No significant main effects for pain or RPE were found (Table 4).  

Discussion 

The primary purpose of this study was to evaluate potential differences in response to 

asymmetric crank arm usage in ergometer cycling between participants with unilateral or 

bilateral TKAs. The main hypothesis regarding a significantly lower difference in peak KEM and 

significantly larger differences in peak hip extension and ankle plantarflexion moments in 
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bilateral participants at any condition was not supported. Peak KEM differences between limbs 

for unilateral participants at asymmetrical 140mm crank arms was approximately 3.4 Nm while 

it was approximately 9.4 Nm for bilateral participants, however, these changes were not 

statistically significant. Interestingly, although peak KEM was not significantly different 

between groups, the difference values were quite stable within the unilateral group, 

approximately 3.5 Nm, across all conditions while the average values of the bilateral group 

fluctuated. Peak hip extension moments were similarly unaffected, which is likely due to the 

considerable variability of responses within groups. Peak vertical PRF differences did not 

display any significant crank length effects providing additional support for the KEM results. 

With a partial eta squared value of 0.350, the effect size indicates that there may be a relationship 

given greater statistical power and may be noted for analysis in larger studies.   

While the variables included in the hypothesis were not significant, it was revealed that 

knee extension angle had a main condition effect with post-hoc comparisons revealing 

significant differences between asymmetrical 155mm and symmetrical 170mm as well as 

asymmetrical 155mm and symmetrical 155mm crank arms. Asymmetrical 155mm crank arms 

produced an approximate 4.5° and 5.3° difference for unilateral and bilateral groups, 

respectively, while symmetrical 155mm crank arms had a -0.12° and 3.6° difference. This is to 

be expected because the variable is based on the difference between limbs, which is expected to 

be higher for asymmetrical conditions of a given crank length. While this was a statistically 

significant change, it is difficult to consider this difference functionally meaningful with such a 

small change in magnitude {, 2014 #225}.  

There has been minimal published work with asymmetrical crank arms, and especially 

minimal work primarily comparing the biomechanical profiles of unilateral and bilateral TKA 



137 

 

recipients, regardless of activity. Yocum et al. {Yocum, 2024 #595} presented a comparison of 

unilateral and bilateral TKA participants during level gait{, 2024 #595}. Bilateral participants 

were reported to have decreased knee extension moments, knee abduction moments, dorsiflexion 

moments, and vertical ground reaction force peaks compared to unilateral participants. Cycling 

appears to be an activity that is less sensitive to the differences in limbs between these two 

groups, as none of the previously mentioned variables from Yocum et al. {Yocum, 2024 #595} 

were significantly different during symmetrical cycling at standard crank lengths of 170mm. 

However, considering the high standard deviations seen in the present study, it may also be true 

that group members may have unique individual responses that would require a more tailored 

approach to rehabilitation programs. Individual responses to acute exercise interventions in 

cycling have been documented by Thorsen et al. {, 2021 #290} who investigated estimated 

compressive medial contact force changes as a result of pedal width adjustment in cycling. 

Specifically, it was reported that there were responder and non-responder groups regarding 

changing medial contact forces to pedal width adjustments during cycling. The non-responder 

group displayed a decreased peak medial contact force in the power phase of the cycle which 

indicates that participants may react to acute exercise interventions differently. It is critical to 

note that the population of that study were young, recreationally active adults and conclusions 

may not apply to the patient population.  

Individual responses may not solely be tied to bilateral or unilateral groups  and could be 

a result of other individual factors independent of group. Factors such as pain or RPE in this 

study were not found to be significantly different between conditions or groups, which rules 

them out for contributors to individual or group differences. Pain level averages for all 

conditions, regardless of group were between 1 and 2 out of 10, while RPE averages were 
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between 11 and 12. These low pain levels and light RPE scores indicate that perhaps the 

difficulty of the exercise was too low, but perceived difficulty thresholds and higher workrates 

for exercise may need to be evaluated for patient rehabilitation purposes in future studies.  

Improvement of results could be accomplished with a bolstered participant pool and therefore 

larger group sizes as well as determining if similar responder or non-responder groups are 

present in response to crank arm length shortening. Despite the lack of significant change 

between groups, it is important to note that large qualitative asymmetries do appear to exist in 

both groups even though those changes were not significantly altered by crank arm length 

adjustments. For example, KEM differences between the groups ranged from approximately 4–

12 Nm when assessing all five conditions with the bilateral group having consistently higher 

values. Further, both groups had peak knee power differences that were in the range of 20-50 

Nm/s with the positive value indicating more knee power was produced on the contralateral side. 

A larger sample size may assist in clarifying whether the bilateral participants do indeed 

demonstrate greater asymmetries in KEM and knee power. These findings are expected due to 

post-surgery neuromuscular damage and invite future work to consider how training can be 

conducted to maximize recovery and minimize the asymmetries. 

Given the lack of significant differences between unilateral and bilateral groups of 

participants, we have reported evidence that there is no difference in the effect of asymmetric 

and symmetric crank arm shortening between groups. While no significant group main effect or 

interaction was found, the knee extension moment (Table 5, Figure 6) may produce a group 

effect given a greater study power on account of the potentially large effect size (𝜂𝑝
2 = 0.440). 

Similarly, vertical PRF may produce a condition effect with more participants when assessing 

the effect size (𝜂𝑝
2 = 0.350). This is a valuable finding from this work because it is not guaranteed 
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that these groups will respond to an asymmetrical or symmetrical change in a similar manner. To 

further cement this claim, future work should attempt to ensure a larger participant pool and 

consider following these two groups longitudinally to evaluate if their inter-limb differences 

change as they move away from their surgery date. It should also be noted that symmetrical 

behavior between limbs for either group may not be an inherently beneficial goal for functional 

recovery. Aljehani et al. {, 2019 #594} discuss the validity of using the contralateral limb as a 

control for unilateral TKA patients and reported that although there were kinematic differences 

between limbs, no kinetic differences were observed between limbs during self-selected speed 

gait. 

When evaluating the current study’s results, specific attention should be given to the 

limitations that are present. This study primarily aims to compare between participants with 

unilateral and bilateral TKAs, however in this study participants within each group were 

exclusively of one sex. All unilateral participants were female, while all bilateral participants 

were male. It is impossible to conjecture if the asymmetric crank arm effects would cause similar 

changes between male and female participants and should be considered for further research. 

Another significant limitation within this work is the sample size, being only 7 participants. 

Combined with a sex distribution split between TKA groups, this makes granular conclusions 

about the causation of results, or lack thereof, quite difficult. Due to the small sample size, a less 

complex ANOVA was used by comparing the differences between the limbs within each group. 

For a more robust sample size and results, future work should consider comparing across groups, 

limbs, and conditions. Finally, cycling with asymmetric crank arms is an unusual and strange 

activity for most participants, and it may be beneficial to give participants more time to acclimate 

to the movement before conducting data collections.  
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Conclusion 

 Unilateral and bilateral patients displayed minor peak knee extension angle differences 

between limbs when comparing symmetrical and asymmetrical crank arm shortening during 

ergometer cycling. No significant differences between groups were observed for any other 

measured kinematic or kinetic variable, which suggests that asymmetrical shortening of the 

crank arm for the most recently replaced knee will not affect one group or the other differently. 

This conclusion is in line with previous research in TKA participants and biomechanical 

symmetry during gait as well as research involving asymmetric crank arm usage in transtibial 

amputees. Practitioners may not need to adjust their recommendations for unilateral or bilateral 

TKA surgery recovery activities, however differences between limbs may vary greatly on a per-

patient basis and should be considered regardless of TKA surgeries. 
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Chapter 6: Knee Contact Forces in TKA Patients During Ergometer Cycling with 

Asymmetrically Adjusted Crank Arm Lengths 
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Abstract 

 Musculoskeletal modeling allows for the estimation of internal joint and muscle forces 

that are difficult to acquire in-vivo. Application of modeling software to patient populations, 

such as those with total knee arthroplasty, may help to illuminate factors affecting rehabilitation 

and improve clinical recommendations for movement. Purpose: To quantify the internal contact 

forces of the replaced knee and peak muscle forces during asymmetrical crank arm ergometer 

cycling in individuals 1-2 months after receiving a total knee implant. Methods: Seven 

participants who received a cruciate retaining implant cycled at 70 W and 70 RPM for cycling 

conditions of symmetrical 170mm crank arms as well as shortened 155mm and 140mm crank 

arms for the replaced limb. Static optimization and joint reaction analysis were conducted using 

OpenSim and outputs were compared to experimental data for model validation. Results: 

Decreases in crank length led to significantly reduced total vertical contact force and vertical 

lateral compartment contact force within the replaced limb. Peak muscle group activations 

surrounding the knee and vertical pedal reaction forces were not significantly different between 

the cycling conditions. Conclusion: Findings from this work suggest that asymmetric crank arm 

usage can be implemented early in the rehabilitation process of total knee arthroplasty patients to 

improve knee stiffness while not adversely affecting estimated internal knee loading and altering 

knee muscle forces. Future work may endeavor to understand where decreased forces at the 

replaced knee are being displaced. 

Keywords: arthroplasty, knee, opensim, contact force, cycling, rehabilitation 
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Introduction 

Total knee arthroplasty (TKA) is an elective treatment commonly aimed at alleviating the 

symptoms of end-stage knee osteoarthritis (OA). One of the primary difficulties for TKA 

patients and their recovery is obtaining satisfactory knee range of motion (ROM), which has 

been shown to only be achieved at least one year after surgery {Köglberger, 2022 #589}. 

Increasing physical activity to help reduce knee joint stiffness and promote ROM recovery post-

operation while maintaining or lowering pain at the knee joint during exercise is a beneficial 

avenue of study. While patients with at least one TKA tend to reduce the replaced knee joint load 

soon after surgery on their own, some patients report difficulty “pushing through exercises” due 

to post-surgical issues {Bakaa, 2022 #219}. This finding suggests that even further minimizing 

knee loads may help hesitant patients with their rehabilitation. Cycling is a commonly prescribed 

exercise modality for exercise in this population and has been shown to improve knee range of 

motion and reduce pain {Zech, 2015 #220}. During cycling, TKA patients have decreased 

tibiofemoral forces and exhibited decreased knee extension moments (KEM) of the replaced 

knee at least six months after surgery and it is possible that patients earlier in their rehabilitation 

would have difficulty accomplishing complete pedal cycles {Hummer, 2021 #200;Kutzner, 2012 

#4}. 

There are many bike modifications that elicit biomechanical changes, such as changing 

the width between the pedals {Thorsen, 2020 #289} or adjusting the length of the crank arms 

{Martin, 2001 #30}; but not all avenues have been exhausted. Adjustments to the length of both 

crank arms have been shown to decrease knee joint ROM and lower limb joint velocities 

{Barratt, 2011 #286}. Known ROM and kinetic deficits in the replaced knee of TKA patients 

leads to the question of what ergometer adjustments can be made unilaterally to accommodate 
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the joint movement limitations in the TKA demographic. Asymmetrical shortening of the crank 

arm length on the replaced knee side of TKA patients is a potential strategy to reduce the 

required knee ROM and muscular efforts of the replaced limb. With these decreased movement 

requirements, there may also be a potential to additionally decrease the joint loading within the 

replaced knee during cycling which is important to minimize the possibility of implant loosening 

or mechanical failure {Andriacchi, 1986 #495;Nham, 2023 #184}. Initial investigation into 

asymmetric crank arm usage in a healthy population has demonstrated that knee ROM 

significantly reduced from symmetrical 170mm crank arms to asymmetrical 140mm crank arms 

by approximately 13° {Zhang, 2024 #601}. Peak KEMs reported by Zhang and Brown {Zhang, 

2024 #601} in this range of crank arm adjustments were not significantly affected despite the 

asymmetric shortening. Peak KEMs also seem unaffected for the replaced limb in the TKA 

population in the 170mm to 140mm crank arm range (Chapter 4). 

Estimating knee joint loading is difficult to do with traditional biomechanical analyses 

but is made possible through a musculoskeletal modeling approach. In lieu of instrumented knee 

implants used by Kutzner et al. (2012), musculoskeletal modeling using modeling packages such 

as OpenSim allow for tibiofemoral forces to be estimated from measured external kinematics and 

kinetics {Hummer, 2022 #169;Delp, 2007 #221}. Further, tibiofemoral forces can be 

decomposed into their medial compartment force (MCF), lateral compartment force (LCF), and 

total contact force (TCF) using an altered model of the commonly used gait2392 model {Lerner, 

2015 #171}. Musculoskeletal modeling of the TKA population in ergometer cycling has shown 

that participants exhibit significantly lower MCF of the replaced limb compared to the non-

replaced limb {Hummer, 2022 #169}. Identifying the behavior of the knee compartment forces 

during novel movements for patient populations is especially important to ensure that loading is 
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not significantly increased in an unwanted manner. While OpenSim modeling is incredibly 

helpful for estimating internal physiological behaviors, modeling output accuracy should be 

investigated in accordance with established guidelines to ensure accurate conclusions are drawn. 

{Hicks, 2015 #414}.  

Therefore, the primary purpose of this study was to evaluate the effects of asymmetrically 

shortened crank arms during cycling on contact forces, peak knee muscle group forces, and peak 

individual knee muscle forces of the replaced knee of participants with TKA. It is hypothesized 

that the peak TCF of the replaced limb will be unchanged during the asymmetric crank length 

conditions. It is also hypothesized that the peak quadriceps muscle force will be significantly 

lower at shorter crank arm lengths compared to the symmetrical, control lengths, primarily due to 

the expected decrease in knee ROM. 

Methods 

Participants 

 A single local physical therapy clinic was enlisted to recruit participants (4 female, 3 

male, 67±7 years, 1.7±0.14m, 95±23.6kg, 31.5±4.6 BMI, 54±4 days post-TKA) with at least one 

TKA (3 bilateral, 4 unilateral) performed by the same surgeon at Tennessee Orthopaedic 

Alliance East. Inclusion criteria for the study included those who were between 1- and 2-months 

post-operation, between the ages of 50 and 75, the ability to flex the replaced knee to at least 

100°, and the ability to complete cycling and gait tasks without the aid of an external assistive 

device. Exclusionary criteria included participants with a BMI over 40, diagnosed OA of the 

spine, hips, or ankles or those with a contralateral TKA within 4 months of the testing date. 

Based on a repeated measures ANOVA of knee extension ROM in submaximal ergometer 

cycling in a young, healthy population, a power analysis (G*Power 3.1; Heinrich Heine 
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University Dusseldorf, Dusseldorf, Germany) found that, with an effect size of 0.979, a 

minimum of four participants were needed with an alpha level of 0.05 to achieve a power of 0.80 

{Zhang, 2025 #591}. The university Institutional Review Board approved all procedures and 

study material used for this work. 

Instrumentation 

 Kinematic (240 Hz), kinetic (1200 Hz), and EMG (1200 Hz) data were fed into OpenSim 

were collected using a 12-camera motion analysis system (Vicon Motion Analysis Inc., Oxford, 

UK) running the Vicon Nexus software (v2.16). The cycling tasks were conducted with a 

stationary electromagnetically braked cycle ergometer (Lode Excalibur Sport, Groningen, 

Netherlands) outfitted with custom-built instrumented bike pedals comprised of two 3-

dimensional force sensors (Type 9027C, Kistler, Switzerland), and amplifiers (Type 5073A, 

Kistler, Switzerland). A standardized bike fit procedure described by Thorsen et al. {Thorsen, 

2021 #290} was conducted to minimize the effect of ergometer adjustments on observed 

biomechanical results. Manufacturer-built crank arms were used (Sport crank, Lode) to allow for 

unilateral crank arm adjustments in increments of 1mm from 90mm to 185mm. Kinematic and 

kinetic data were filtered using a 4th order zero-lag Butterworth filter with a cutoff frequency of 6 

Hz {Gardner, 2016 #106}. EMG data from a sixteen-channel wireless system (Trigno Wireless, 

Delsys Inc., Natick, MA, USA) were collected during cycling and EMG sensors were applied 

bilaterally to the rectus femoris (RF), semitendinosus (ST), medial gastrocnemius (MG), and the 

tibialis anterior (TA) in accordance with Surface Electromyography for the Non-Invasive 

Assessment of Muscles (SENIAM) guidelines {Hermens, 2000 #349}.  

 Cycling bouts were conducted for two minutes each with a requested cadence of 70 

revolutions per minute (RPM) at 70 Watts. Five separate cycling conditions were tested that 
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consisten of changing the crank length unilaterally or bilaterally in increments of 15mm. The 

conditions (C) were as follows for the Replaced/Contralateral limbs (in mm): C1 (140/170), C2 

(155/170), C3 (170/170). Data were recorded for the final 10 seconds of each condition and 

truncated into five consecutive crank cycles for analysis.  

Musculoskeletal Simulation 

The software package OpenSim (v4.5) was used to complete all musculoskeletal 

modeling {Delp, 2007 #221}. Each trial for the three conditions was individually exported from 

Visual 3D (Version v2025.01.2, HAS-Motion Inc., Kingston, Ontario, Canada) as an MOT file 

which uses experimental marker data and inverse kinematics to calculate the appropriate model 

scaling factors. In effect, this bypasses having to use the Scaling Tool within OpenSim. Input 

force vectors were programmatically adjusted using Matlab (2023a, MathWorks, Natick, 

Massachusetts, United States) to be compatible with cycling vertical pedal reaction force (PRF) 

data. The Lerner model was used that allowed for decomposition of knee joint reaction forces 

into medial and lateral compartments. Specifically, the knee joint retains only one degree-of-

freedom that allows for flexion and extension, but the knee joint is composed of two revolute 

joints that allow the respective contact forces to be estimated. The Lerner model is based on the 

gait2392 model which contains 92 musculotendon actuators and 23 degrees-of-freedom. The 

following compressive forces were reported: medial compartment contact force (MCF), lateral 

compartment contact force (LCF), and total contact force (TCF) of the tibiofemoral joint for the 

replaced limb were computed.  

The OpenSim Export process in Visual3D adjusts the segment lengths and mass 

appropriately using the internal Visual 3D inverse kinematics algorithm. The subtalar angles 

were set to zero. Kinematics and experimental pedal reaction forces were used to compute 
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inverse dynamics within the pedals. Static Optimization (SO) was performed on five consecutive 

pedal cycles of each condition and results averaged together within condition.  The SO objective 

function for evaluating muscle activations and forces minimized the sum of squared muscle 

activations as was previously done for modeling with this patient demographic {Hummer, 2022 

#169}. The muscle force-length-velocity was included by default in OpenSim for these 

computations. Muscle groups chosen were summed as the following individual muscles: 

Quadriceps (rectus femoris, vastus medialis, vastus lateralis, vastus intermedius), Hamstrings 

(semitendinosus, semimembranosus, biceps femoris long head, biceps femoris short head), and 

Gastrocnemius (medial and lateral gastrocnemius). The Joint Reaction Analysis Tool was then 

used to estimate the TCF, MCF, and LCF, all of which were expressed in the tibia reference 

frame. OpenSim was programmatically executed using Python (3.12). 

Data Analysis 

Simulation lengths were determined as the time, during each trial, it took for the replaced 

limb to complete a full cycle starting from top dead center to the same limb returning to top dead 

center. Only the most recently replaced limb, for bilateral patients, or the replaced limb for 

unilateral patients was analyzed. Resulting muscle activations, muscle forces, and peak joint 

reserve actuator torques were compiled, inspected and qualitatively compared to experimental 

EMG, when applicable, to confirm result validity according to previously published guidelines 

{Hicks, 2015 #414}. Peak residuals were not reported as force from the handlebars and seat are 

unable to be accounted for. Peak values for joint reaction forces, muscle activations, and muscle 

forces were obtained from the power phase (0° to 180° crank angle) {Hummer, 2022 #169}.  

EMG data were band pass filtered (20-450 Hz) by the collection hardware and high pass 

filtered digitally at 20 Hz to remove any potential zero offset. Filtered data were then full wave 



149 

 

rectified before applying a moving root mean square function with a 91ms window size. EMG 

data were normalized to the maximum value for each muscle during a complete crank cycle for 

the replaced limb across all of the conditions.   

Statistical Analysis 

All statistical testing was performed in SPSS v29 (IBM, Armonk, NY). One-way 

repeated measures ANOVAs with a 1x3 (Replaced Limb x Condition) design were used to assess 

the potential effects on MCF, LCF, and TCF as well as peak muscle force and activation 

variables with an α level set a priori to 0.05 as the threshold for significance. The Greenhouse-

Geisser correction was used for assumptions of sphericity violation while normality was assessed 

using the Shapiro-Wilk test. To assess effect size, partial eta squared (𝜂𝑝
2) was reported with the 

following classifications: small (𝜂𝑝
2 = 0.01), medium (𝜂𝑝

2 = 0.06), and large (𝜂𝑝
2 = 0.14) {Lakens, 

2013 #552}.  

Results 

   The ANOVA results showed significantly reduced peak TCF from 170 – 140 mm  

with a large effect size (p = 0.002, 𝜂𝑝
2 = 0.660, Table 7). Post hoc comparisons revealed 

significant decreased TCF at 140mm (p = 0.001) and 155mm (p = 0.024) compared to 170mm. 

The average peak TCF decrease from 170mm to 155mm was approximately 178 N while the 

decrease from 155mm to 140mm was 26.76 N. Peak LCF was also significantly reduced across 

conditions (p = 0.011, 𝜂𝑝
2 = 0.660) with a large effect size. Post hoc comparisons determined that 

a significant decrease in LCF occurred at 140mm (p < 0.001) and 155mm (p = 0.030). The 

average peak LCF decrease from 170mm to 140mm was approximately 117 N. MCF was not 

significantly affected by the asymmetric shortening of the crank arms. Peak pedal reaction force 

showed no significant condition effect. 
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No significant changes in peak muscle group or selected individual muscle forces were 

seen (Table 8, Table 9). Simulation activation patterns for the ST (Figure 7, all figures available 

in the appendix) and RF (Figure 8) were more poorly matched to their experimental counterparts 

compared to the MG (Figure 9) and TA (Figure 10) activations. Experimental activation levels 

were consistently higher for all muscle groups despite the pattern agreement, but the magnitude 

differences are to be expected when comparing normalized experimental data and activation data 

generated from static optimization in OpenSim. Peak lower limb joint reserve torque values were 

also assessed (Table 10). 

Discussion 

 The primary purpose of this study was to investigate the effects of asymmetrical crank 

arm shortening usage in ergometer cycling on estimated knee joint contact forces, peak muscle 

group activation, and peak individual muscle activations of the most recently replaced knee of 

participants. The primary hypothesis of unchanged TCF of the replaced limb for asymmetrical 

conditions was rejected with a significant average reduction of 19.8% when changing from 

170mm to 140mm crank arms. Approximately 57% of the 206 N TCF reduction seen in the 

change from 170mm to 140mm crank arms came from the lateral compartment which indicates 

more off-loading of the lateral compartment of the replaced limb. Previous investigation into 

contact force estimation in participants with TKA cycling at 80 W and 80 RPM reported an 

average TCF of 918.6 N for the replaced limb {Hummer, 2022 #169}, which is slightly lower 

than the 1036 N in the present study. Since kinetic variables are not typically normalized in 

cycling research, differences in bodyweight could be a potential contributor to the small 

differences observed in TCF. However, the average bodyweight of the participants from 
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Hummer et al. {, 2022 #169} was 94.1kg while the average bodyweight from the current study 

was 95kg.  

 Available data for comparison to in-vivo vertical contact force is limited, but the 

Orthoload {P., 2008 #602} dataset consisting of cycling data at 60 RPM and 75 W demonstrates 

a peak vertical contact force of 907 N, or 0.98 BW, which is similar to the average 0.92 BW of 

the peak TCF seen in our study. Other in vivo reports of stationary cycling at 60 RPM at an 

unspecified wattage reported peak tibial forces of approximately 1.03 BW {D'Lima, 2008 #433}. 

Results from the present study appear to closely match the Orthoload dataset and slightly lower 

than that presented by D’Lima et al. {D'Lima, 2008 #433}, but it is difficult to assess without an 

explicit workrate setting provided by the authors. Another potential confounding variable is the 

different methods for bike fitting the participants. In the present study, due to discomfort at the 

knee, all participants opted for a lower seat height eliciting approximately 40° of knee flexion 

than the 25-30° range suggested by a standard bike fitting procedure {Hummer, 2021 #200}. A 

decrease in seat height combined with shortened crank arms for the replaced limb makes 

comparisons to literature estimates or in vivo data difficult beyond the symmetrical 170mm 

condition.  

The hypotheses regarding decreased peak muscle group and individual muscle forces 

were not confirmed. It was expected that a decreased TCF would be accompanied by decreased 

peak muscle forces of the quadriceps, but this relationship was not displayed in this work. We 

found a non-significant decrease in peak quadriceps force from 1101 N at symmetrical 170mm 

crank arms to 942 N at asymmetrical 155mm crank arms, to 932 N at asymmetrical 140mm 

crank arms.  This finding is surprising because initial work on compressive tibiofemoral forces 

linked higher peak forces primarily to quadriceps force, although this conclusion was drawn 
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from participants with cerebral palsy during crouch gait {Steele, 2012 #413}. A potential reason 

for the lack of quadriceps peak force changes in this investigation may come from the patient 

population used. Specifically, the Lerner model’s muscle parameters are from the gait2392 

model which did not use individuals recovering from a TKA as the basis for physiological 

muscle parameters. The neuromuscular damage from the surgery in these participants will affect 

their capacity to produce force and adjustments to the parameters of the replaced side’s knee 

musculature may be helpful in the future. Another primary driver of altered TCF in cycling is the 

PRF. Our PRF results showed no significant changes across the crankarm lengths which is in 

agreement of non-significant changes of peak KEM within the replaced limb (Chapter 4). When 

combined, these findings seem to suggest that there may be future value in investigating the 

contralateral limb’s behavior during this asymmetrical intervention. 

Once the crank arm lengths were shortened, the average MCF and LCF were qualitatively 

equivalent which demonstrates potential benefits of asymmetric shortening for balancing the 

loading of the knee compartments. Previous investigations into compartment specific loading of 

the replaced limb during symmetric crank arm cycling at 80 W and 80 RPM using OpenSim did 

not report any significant difference in peak contact forces between the lateral and medial 

compartments where an average of 456.9 N and 489.4 N for MCF and LCF, respectively were 

reported {Hummer, 2022 #169}. The results from Hummer et al. {, 2021 #200} contrast those of 

Thorsen et al. {, 2021 #290} who reported that participants cycling at 80 W and 80 RPM had an 

average of 639.1 N MCF and 882.9 N TCF, indicating an approximate 243.8 N for LCF. 

Tibiofemoral alignment has an impact on medial and lateral compartment contact forces {Lerner, 

2015 #171;Bennett, 2018 #600} and those alignment values were not reported by Thorsen et al. 

{, 2021 #290}. In the present study, the average frontal plane alignment of the replaced limbs 
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estimated from the static trial of motion capture was 176° ± 2°, indicating a slight bias towards 

varus for most participants. Additionally, it must be emphasized that Thorsen et al. {, 2021 

#290} examined healthy, young males while Hummer et al. {, 2022 #169} did indeed recruit 

participants with one TKA and their results are not directly transferrable. The discrepancy in 

loading across the compartments in these two populations across the three studies indicates a 

significant off-loading of the medial compartment in TKA participants, likely due to the 

alignment corrected through TKA procedures.  

Considering that TCF was reduced in conjunction with asymmetrically shortened crank 

arms of 140mm, this study presents evidence to suggest that asymmetric crank arm intervention 

is safe for use by clinicians in populations recovering from TKA or managing knee OA 

symptoms. For patients of TKA, cycling with shortened crankarms may be beneficial to 

accommodate the reduced knee ROM during cycling exercise soon after surgery and may help to 

promote rehabilitation progression. Specifically, crank arm length can be asymmetrically 

adjusted in a graded manner to progress with the patient as they improve function after surgery. 

 The primary limitation of this study is the low sample size of 7 participants, potentially 

further exacerbated by the mixture of unilateral and bilateral participants. Another limitation 

comes from the choice of SO as the method of calculating excitations and activations. 

Specifically, SO is a method that works independent of time and therefore discounts the known 

force properties of muscle that are time-dependent {Erdemir, 2007 #597}. Additionally, the 

objective function designed to minimize the sum of squared muscle activations may not be the 

most appropriate for the TKA population. Clancy et al. {, 2023 #434} evaluated the performance 

of the current objective function as well as one that adds a term to minimize tibiofemoral joint 

forces and reported that the latter helped to improve matching EMG profiles and in-vivo 
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measurements. However, they only examined healthy participants in cycling, and it was still seen 

that the additional term for contact force minimization was beneficial. It may be argued that one 

of the primary goals of patients with TKA is to minimize contact force, and potentially pain as a 

result, more so than minimizing entire body muscular activation levels EMG profiles for two of 

the four reported muscles, ST and RF, somewhat poorly matched the qualitative patterns of the 

modeled muscle activations. Biarticular muscle discrepancies between experimental and 

simulated activations may be expected in this population due to altered quadriceps and hamstring 

co-contraction behavior that has been documented in the knee and hip OA population {Zeni, 

2010 #599;Hoang, 2019 #546}. However, the conclusions from those previously mentioned 

studies should be interpreted carefully as patients with a total joint replacement may not exhibit 

the same behavior as those with diagnosed OA only.  

Conclusion 

 To our knowledge, the present study is the first to perform musculoskeletal modeling 

investigating the vertical knee joint contact forces and peak knee musculature activation patterns 

of patients with a recent TKA cycling with asymmetrically adjusted crank arms . The findings 

demonstrate evidence of a significant reduction in TCF and LCF when cycling with crank arms 

that are 15 and 30 mm shorter on the replaced limb when compared to the standard 170mm crank 

arms. Peak muscle activations of the quadriceps, hamstrings, and gastrocnemius of the replaced 

limb were not significantly altered due to crank arm length changes. The findings suggest the 

potential for asymmetric crank arm usage to help reduce knee stiffness earlier during the 

rehabilitation process of patients recovering from TKA and it may reduce overall vertical contact 

forces while maintaining muscular activity levels. Future work may evaluate if the patterns of 

contact forces shown here are consistent longitudinally as rehabilitation progresses and if an 
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objective function to minimize joint reaction forces of the knee is beneficial in estimating contact 

force benchmarks in the TKA population. 
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Chapter 7: Conclusions 
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The purpose of this dissertation was to comprehensively assess the biomechanical 

changes elicited by asymmetric crank arm shortening in participants who had recently undergone 

a TKA surgery. Chapter 4 examined the responses of all participants responded to asymmetric 

and symmetric crank arms 1-2 months after surgery and found that shortened crank arms reduced 

knee range of motion without an increase in peak knee extension moments. Additionally, peak 

knee extension power was significantly reduced from the control crank arm length of 170mm to 

140mm. Importantly, pain and RPE were not significantly affected by any of the cycling 

conditions and supports the use of asymmetric crank arms clinically.  

Chapter 5 provides valuable insight into the lack of differences in response to the acute 

crank arm interventions between unilateral and bilateral TKA patients and demonstrated that 

rehabilitation with this method should equally affect both groups. Specifically, there was no 

difference in the relationship between limbs of unilateral or bilateral TKA participants in highly 

important variables such as peak KEM, peak knee power, knee ROM, or hip and ankle peak 

powers. The lack of differences found between the limbs of these groups suggest that, in the 

early stages of rehabilitation, the groups may be considered quite similar in their response to an 

asymmetric, acute intervention such as the one implemented in this work. 

Chapter 6 implemented musculoskeletal modeling to estimate total knee contact forces 

and muscle activations and found reduced total contact force and unchanged knee musculature 

activations in response to asymmetrically shortened crank arms for the replaced limb.  

Given the evidence from these studies, preliminary conclusions are that asymmetric crank 

arm usage in patients of TKA recovering from surgery seem to be safe for patients of TKA 

during early stage of rehabilitation and may help improve rehabilitation outcomes. Asymmetric 



158 

 

 

 

 

crank arms allow for the gradual adjustment of length to accommodate the reduced knee ROM of 

the recently replaced knee without increasing knee joint load. Future work should strive to 

improve the sample size of participants as well as investigate patient responses to asymmetric 

crank arm use via longitudinal cycling interventions. 
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Appendices 

Appendix A: Tables 

 
Table 1: Participant Demographics Information (mean ± std) 

Variable  All Post Unilateral Bilateral 

Age (years) 67 ± 7 65 ± 8 69 ± 3 

Height (cm) 172 ± 14 160 ± 5 190 ± 5 

Mass (kg) 94.6 ± 23.6 78.4 ± 12.9 116.1 ± 14.4 

BMI (kg/m2) 31.5 ± 4.6 30.2 ± 4.9 33.2 ± 4.5 

Days from Most Recent Surgery 54 ± 4 55 ± 3 52 ± 3 

Days from Contralateral Surgery - - 638 ± 402 

KOOS Total (%) 65.0 ± 16.5 65.5 ± 19.6 64.3 ± 15.5 

KOOS Quality of Life (%) 49.3 ± 25.7 45.5 ± 20.6 54.3 ± 35.6 

KOOS Pain (%) 71.9 ± 11.9 70.3 ± 13.9 74.0 ± 11.1 

KOOS Activities of Daily Living (%) 78.7 ± 12.3 80.0 ± 12.7 77.0 ± 14.2 

KOOS Sports and Recreation (%) 60.0 ± 38.5 40.0 ± 18 60.0 ± 38.5 

KOOS Symptoms and Stiffness (%) 72.5 ± 16.7 76.3 ± 2.3 72.5 ± 16.7 
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Table 2: Mean Results for Peak Pedal Reaction Force and Peak Knee Joint Angle, ROM and Kinetic Variables (mean ± std) 

Variable Limb 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

Cond.  

p-value  

(𝛈𝐩
𝟐) 

Limb  

p-value  

(𝛈𝐩
𝟐) 

Inter.  

p-value  

(𝛈𝐩
𝟐) 

PRFz (N) 

Repl. 227.51 ± 47.82 225.22 ± 47.49 230.29 ± 42.00 216.99 ± 36.89 220.47 ± 31.77 
0.192 

(0.217) 

0.170 

(0.288) 

0.043 

(0.326) 
Contr. 238.41 ± 50.29 219.33 ± 42.51 250.96 ± 68.85 236.93 ± 55.21 254.55 ± 56.47 

Knee Extension 

ROM (°)a,b,c,α,β, γ, 

δ, λ 

Repl. 55.27 ± 8.12 58.39 ± 6.39 61.45 ± 6.83 57.75 ± 6.26 51.67 ± 6.30 
< 0.000 

(0.103) 

0.436 

(0.122) 

0.090 

(0.043) 
Contr. 60.5 ± 5.75 61.71 ± 4.20 64.1 ± 6.57 57.56 ± 4.73 53.58 ± 5.53 

Knee Extension 

Angle (°)b,c,α,β, γ, δ 

Repl.  -50.13 ± 8.96 -48.55 ± 6.43 -45.18 ± 7.04 -48.34 ± 7.51 -51.71 ± 6.99 
< 0.000 

(0.740) 

0.062 

(0.467) 

0.017 

(0.394) 
Contr. -43.83 ± 8.53 -43.70 ± 7.71 -42.63 ± 9.56 -46.87 ± 9.20 -49.26 ± 9.14 

Knee Extension 

Moment (Nm) 

Repl. 16.32 ± 6.13 16.02 ± 5.74θ 17.19 ± 5.23 16.08 ± 7.60θ 16.01 ± 3.84θ 
0.523 

(0.121) 

0.025 

(0.595) 

0.723 

(0.079) 
Contr. 22.29 ± 9.89 21.55 ± 6.65 25.13 ± 11.81 22.53 ± 9.68 24.84 ± 9.52 

Knee Abduction 

Moment (Nm) 

Repl. -2.99 ± 3.73 -2.94 ± 3.79 -2.64 ± 3.33 -3.18 ± 3.55 -2.97 ± 4.11 
0.496 

(0.149) 

0.470 

(0.109) 

0.572 

(0.130) 
Contr. -5.13 ± 4.73 -3.95 ± 6.42 -4.11 ± 5.46 -3.92 ± 4.78 -4.96 ± 6.46 

Knee Power 

(Nm/s)α 

Repl. 58.86 ± 28.44 59.08 ± 20.76θ 69.13 ± 17.62 51.25 ± 17.51θ 54.80 ± 14.06 
0.032 

(0.345) 

0.031 

(0.569) 

0.964 

(0.023) 
Contr. 84.78 ± 35.88 83.94 ± 23.78 100.79 ± 45.52 80.43 ± 30.92 80.91 ± 27.86 

a:  significant difference between C1 and C2, b:  significant difference between C1 and C3, c:  significant difference between C2 and C3,  

α: significant difference between C3 and C4, β: significant difference between C3 and C5, γ: significant difference between C4 and C5, 

δ: significant difference between C1 and C5, λ: significant difference between C2 and C4, θ: significant difference between Replaced and Contralateral at current condition 

ηp
2: partial eta squared, Repl.: Replaced side, Contr.: Contralateral side, Cond.: Condition,  Inter.: Interaction 
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Table 3: Mean Results for ROM and Peak Moment Variables for the Ankle and Hip (mean ± std) 

Variable Limb 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

Cond.  

p-value 

(𝛈𝐩
𝟐) 

Limb  

p-value 

(𝛈𝐩
𝟐) 

Inter.  

p-value 

(𝛈𝐩
𝟐) 

Ankle 

Plantarflexion 

ROM (°)δ,c,β 

Repl. 14.78 ± 8.95 15.81 ± 7.72 15.43 ± 6.78 14.29 ± 8.00 11.21 ± 4.83 
0.003 

(0.468) 

0.733 

(0.021) 

0.136 

(0.244) 
Contr. 11.89 ± 6.56 13.72 ± 3.39 18.60 ± 5.16 11.85 ± 2.32 9.74 ± 3.83 

Ankle 

Plantarflexion 

Moment (Nm) 

Repl. -17.35 ± 10.98 -17.93 ± 10.05 -18.88 ± 11.31 -17.5 ± 10.22 -17.33 ± 10.02 
0.501 

(0.154) 

0.512 

(0.081) 

0.483 

(0.012) 
Contr. -19.51 ± 10.84 -17.36 ± 8.12 -20.57 ± 10.63 -19.82 ± 10.65 -19.55 ± 11.17 

Hip Extension  

ROM (°)a,b,c,α,β, 

γ, δ, λ 

Repl. 34.87 ± 6.10 36.49 ± 6.70 38.44 ± 7.52 35.6 ± 6.00 32.79 ± 6.14 
< 0.000 

(0.930) 

0.288 

(0.184) 

0.433 

(0.128) 
Contr. 40.97 ± 9.55 42.05 ± 8.97 43.91 ± 12.13 39.67 ± 9.47 36.73 ± 9.99 

Hip Extension 

Moment (Nm) 

Repl. -0.62 ± 9.05 1.98 ± 6.68 -6.12 ± 12.39 1.02 ± 7.62 0.00 ± 11.46 
0.362 

(0.174) 

0.158 

(0.354) 

0.885 

(0.054) 
Contr. 7.11 ± 12.32 5.96 ± 11.19 0.86 ± 22.34 2.92 ± 13.02 2.55 ± 6.9 

a:  significant difference between C1 and C2, b:  significant difference between C1 and C3, c:  significant difference between C2 and C3,  

α: significant difference between C3 and C4, β: significant difference between C3 and C5, γ: significant difference between C4 and C5, 

δ: significant difference between C1 and C5, λ: significant difference between C2 and C4, θ: significant difference between Replaced and Contralateral at current condition 

ηp
2: partial eta squared, Repl.: Replaced side, Contr.: Contralateral side, Cond.: Condition,  Inter.: Interaction 
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Table 4: Mean Results for Pain and RPE of the Replaced Limb During Cycling (mean ± std) 

Variable Limb Pre-Test 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

Cond.  

p-value (𝛈𝐩
𝟐) 

Pain (1-10) Repl. 2.8 ± 1.0 1.5 ± 1.7 1.4 ± 1.6 1.6 ± 2.0 1.2 ± 1.4 1.3 ± 1.7 0.593 (0.106) 

RPE (6-20) - - 11.4 ± 0.8 11.0 ± 2.2 11.0 ± 3.2 11.6 ± 1.3 11.1 ± 1.6 0.922 (0.002) 
Repl.: Replaced side, Cond.: Condition, RPE: Rating of Perceived Exertion 
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Table 5: Mean Results for Differences between Limbs of Peak Pedal Reaction Force, Knee Kinematic, and Knee Kinetic Variables (mean ± std) 

Variable Group 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

Cond. 

p-value 

(𝛈𝐩
𝟐) 

Group 

p-value 

(𝛈𝐩
𝟐) 

Inter.  

p-value 

(𝛈𝐩
𝟐) 

PRFz (N) 
U 9.12 ± 40.82 -1.90 ± 17.36 15.67 ± 34.85 11.65 ± 23.88 32.31 ± 14.12 

0.061 

(0.350) 

0.800 

(0.014) 

0.856 

(0.061) 
B 13.28 ± 51.1 -11.22 ± 47.48 27.34 ± 32.71 30.99 ± 41.54 36.44 ± 56.26 

Knee Extension 

ROM (°) 

U 5.53 ± 13.38 3.16 ± 7.89 4.01 ± 13.26 -0.38 ± 9.48 3.25 ± 12.88 
0.131 

(0.287) 

0.862 

(0.007) 

0.793 

(0.077) 
B 4.82 ± 9.24 3.52 ± 4.63 0.82 ± 2.18 0.05 ± 1.61 0.11 ± 2.2 

Knee Extension 

Angle (°)c,λ 

U 7.76 ± 5.73 4.5 ± 3.44 2.89 ± 6.32 -0.12 ± 4.01 1.90 ± 6.29 
0.023 

(0.418) 

0.928 

(0.002) 

0.159 

(0.270) 
B 4.35 ± 9.36 5.30 ± 1.73 2.10 ± 1.06 3.6 ± 1.63 3.19 ± 2.66 

Knee Extension 

Moment (Nm) 

U 3.39 ± 4.23 3.86 ± 7.26 3.83 ± 8.45 3.39 ± 4.27 3.78 ± 4.25 
0.647 

(0.112) 

0.104 

(0.440) 

0.682 

(0.104) 
B 9.43 ± 10.05 7.74 ± 2.91 13.4 ± 8.87 10.53 ± 5.22 15.57 ± 10.97 

Knee Abduction 

Moment (Nm) 

U -2.28 ± 2.71 -1.45 ± 3.86 -1.95 ± 3.38 -1.22 ± 1.85 -2.19 ± 2.45 
0.704 

(0.099) 

0.468 

(0.110) 

0.987 

(0.016) 
B 0.81 ± 6.52 1.72 ± 8.96 1.63 ± 7.21 1.58 ± 5.99 0.37 ± 8.78 

Knee Extension 

Power (Nm/s) 

U 21.92 ± 12.97 21.37 ± 28.6 16.66 ± 32.46 12.29 ± 14.02 11.42 ± 12.09 
0.911 

(0.046) 

0.231 

(0.271) 

0.410 

(0.172) 
B 31.24 ± 53.34 29.52 ± 18.45 51.65 ± 41.3 51.7 ± 36.13 45.68 ± 36.75 

a: significant difference between C1 and C2, b: significant difference between C1 and C3, c: significant difference between C2 and C3,  

α: significant difference between C3 and C4, β: significant difference between C3 and C5, γ: significant difference between C4 and C5, 

δ: significant difference between C1 and C5, λ: significant difference between C2 and C4,  

ηp
2: partial eta squared, G: Group, U: Unilateral group, B: Bilateral group, Cond.: Condition,  Inter.: Interaction 
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Table 6: Mean Results for Differences between Limbs of ROM and Peak Moment Variable Differences for the Ankle and Hip (mean ± std) 

Variable Group 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

Cond. 

p-value 

(𝛈𝐩
𝟐) 

Group 

p-value 

(𝛈𝐩
𝟐) 

Inter.  

p-value 

(𝛈𝐩
𝟐) 

Ankle 

Plantarflexion 

ROM (°) 

U 8.42 ± 14.14 
11.87 ± 

17.03 
7.68 ± 25.70 10.06 ± 12.73 5.24 ± 8.93 

0.926 

(0.042) 

0.507 

(0.093) 

0.954 

(0.032) 
B 1.30 ± 15.79 1.19 ± 13.57 1.05 ± 7.15 2.60 ± 9.61 1.27 ± 9.64 

Ankle 

Plantarflexion 

Moment (Nm) 

U -3.12 ± 4.30 -1.02 ± 1.39 -3.48 ± 6.01 -3.54 ± 2.59 -3.01 ± 2.69 
0.541 

(0.138) 

0.563 

(0.071) 

0.974 

(0.023) 
B -0.87 ± 13.30 2.70 ± 9.63 0.68 ± 5.23 -0.67 ± 12.51 -1.16 ± 8.28 

Hip Extension 

ROM (°) 

U -7.77 ± 13.20 -7.17 ± 13.42 -8.31 ± 19.80 -6.05 ± 14.26 -6.26 ± 16.32 
0.540 

(0.138) 

0.625 

(0.051) 

0.885 

(0.054) 
B -3.88 ± 6.58 -3.42 ± 4.96 -1.70 ± 3.91 -1.44 ± 3.93 -0.87 ± 4.34 

Hip Extension 

Moment (Nm) 

U 5.93 ± 15.97 5.08 ± 4.92 2.24 ± 24.99 -1.20 ± 4.18 -0.41 ± 6.31 
0.949 

(0.034) 

0.259 

(0.245) 

0.906 

(0.048) 
B 9.23 ± 10.39 4.25 ± 9.17 11.45 ± 9.04 9.15 ± 11.78 6.59 ± 5.51 

a: significant difference between C1 and C2, b: significant difference between C1 and C3, c: significant difference between C2 and C3,  

α: significant difference between C3 and C4, β: significant difference between C3 and C5, γ: significant difference between C4 and C5, 

δ: significant difference between C1 and C5, λ: significant difference between C2 and C4,  

ηp
2: partial eta squared, G: Group, U: Unilateral group, B: Bilateral group, Cond.: Condition,  Inter.: Interaction 
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Table 7: Mean Peak Knee Contact Forces and Peak Vertical Pedal Reaction Force (mean ± std) 

Variable 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 
p-value (𝛈𝐩

𝟐) 

Total Contact Force (N)b,c 830.99 ± 301.94 857.75 ± 282.16 1036.28 ± 264.34 0.002 (0.660) 

Medial Contact Force (N) 432.71 ± 203.15 447.01 ± 153.66 502.53 ± 168.63 0.082 (0.341) 

Lateral Contact Force (N)b,c 434.20 ± 148.92 446.81 ± 180.72 551.79 ± 129.60 0.011 (0.660) 

PRF (N) 227.51 ± 47.82 225.22 ± 47.49 230.29 ± 42.00 0.876 (0.022) 
a: significant difference between C1 and C2, b: significant difference between C1 and C3, c: significant difference between C2 

and C3, ηp
2: partial eta squared, G: Group, U: Unilateral group, B: Bilateral group, Cond.: Condition,  Inter.: Interaction 

 

Table 8: Mean Peak Muscle Group Forces (mean ± std) 

Variable 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 
p-value (𝛈𝐩

𝟐) 

Quadriceps Force (N) 932.17 ± 321.10 942.80 ± 395.74 1101.88 ± 487.82 0.151 (0.270) 

Hamstrings Force (N) 288.57 ± 65.91 321.00 ± 72.58 353.50 ± 197.52 0.428 (0.113) 

Gastrocnemius Force (N) 192.72 ± 193.92 181.86 ± 166.67 234.10 ± 211.55 0.101 (0.318) 
a: significant difference between C1 and C2, b: significant difference between C1 and C3, c: significant difference between C2 

and C3, ηp
2: partial eta squared, G: Group, U: Unilateral group, B: Bilateral group, Cond.: Condition,  Inter.: Interaction 

 

Table 9: Mean Peak Individual Muscle Forces (mean ± std) 

Variable 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 
p-value (𝛈𝐩

𝟐) 

Rectus Femoris Force (N) 219.26 ± 68.83 199.27 ± 87.98 190.19 ± 105.97 0.685 (0.061) 

Semitendinosus Force (N) 17.21 ± 10.14 17.15 ± 12.57 23.10 ± 23.22 0.327 (0.161) 

Medial Gastrocnemius Force (N) 156.20 ± 158.66 147.65 ± 136.83 187.80 ± 171.73 0.136 (0.283) 

Tibialis Anterior Force (N) 61.19 ± 56.99 63.80 ± 62.08 54.10 ± 54.04 0.428 (0.132) 
a: significant difference between C1 and C2, b: significant difference between C1 and C3, c: significant difference between C2 

and C3, ηp
2: partial eta squared, G: Group, U: Unilateral group, B: Bilateral group, Cond.: Condition,  Inter.: Interaction 

 

Table 10: Mean Peak Residuals and Peak Moments (mean ± std) 

Variable 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 
p-value (𝛈𝐩

𝟐) 

AP Force (N) 0.08 ± 0.10 0.07 ± 0.08 0.07 ± 0.04 0.855 (0.026) 

SI Force (N) 0.12 ± 0.10 0.12 ± 0.11 0.12 ± 0.13 0.971 (0.000) 

Sagittal Moment (Nm) 4.97 ± 1.97 5.29 ± 2.63 5.97 ± 2.42 0.345 (0.163) 

AP: anteroposterior, SI: superoinferior, ML: mediolateral, ηp
2: partial eta squared 

 

Table 11: Participant Qualitative Demographics (mean ± std) 

Participant 
Recently 

Replaced Limb 
Implant Brand Implant Style 

1* Right Stryker Triathlon CR 

2* Left Stryker Triathlon CR 

3 Left Stryker Triathlon CR 

4 Left Stryker Triathlon CR 

5 Left Smith & Nephew Oxinium Journey II CR 

6 Right Zimmer Biomet Persona Narrow PS 

7* Right Stryker Triathlon CR 
*: Indicates bilateral TKA participant, CR: Cruciate Retaining, PS: Posterior Stabilized 
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Table 12: Participant Quantitative Demographics (mean ± std) 

Participant Sex 
Age 

(years) 

Height 

(cm) 
Mass (kg) 

BMI 

(kg/m2) 

Initial 

Bilateral 

Surgery 

(Days) 

Time From 

Recent Surgery 

(Days) 

1* Male 66 182 121.6 36.7 476 51 

2* Male 69 191 127 34.8 335 49 

3 Female 69 165 93.5 34.3 - 55 

4 Female 73 160 62.7 24.5 - 51 

5 Female 54 155 82.2 34.2 - 58 

6 Female 63 165 75.3 27.6 - 58 

7* Male 73 188 99.8 28.2 1096 55 

Post 

Avg. 

Uni. 

Avg. 

Bi. 

Avg. 

 
67 ± 7 172 ± 14 

94.6 ± 

23.6 
31.5 ± 4.6 - 54 ± 4 

 
65 ± 8 160 ± 5 

78.4 ± 

12.9 
30.2 ± 4.9 - 55 ± 3 

 
69 ± 3 190 ± 5 

116.1 ± 

14.4 
33.2 ± 4.5 638 ± 402 52 ± 3 

*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi.: Bilateral 
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Table 13: Study Inclusion and Exclusion Criteria 

Inclusion Criteria 

• Ages: 50-75 

• Willingness to attend a testing session occurring 1-2 months after arthroplasty 

• Knee flexion range of motion of at least 100˚ 

• Male or Female 

• Demonstrated asymmetry in their lower limbs as measured by passive knee flexion ROM in clinic 

with a goniometer 

• And/or flexion/extension contracture of involved side pre-surgery 

• OPTIONAL: Use of assistive device for walking/daily activities for operational side pre-surgery 

Exclusion Criteria 

• Diagnosed osteoarthritis of ankles, hips, or spine 

• No contralateral TKA within 4 months of study participation date 

• BMI value greater than 40  

• Neurological conditions that prevent the patients from cycling or walking without aids 

• Inability to maintain upright posture during cycling (as in, hip hiking or compensation during 

pedaling) 

• Pregnant or Nursing Women 

• Presence of partial or total limb amputation 

• Cardiovascular Disease or other risk factor as identified by the PARQ+ 

 

Table 14: Description of Cycling Crank Arm Length Conditions 

Limb Crank Length Cycling Condition 

 C1 C2 C3 C4 C5 

Replaced Limb (mm) 140 155 170 155 140 

Contralateral Limb (mm) 170 170 170 155 140 

 

Table 15: Survey Scores (mean ± std) 

Survey Participant    

 1* 2* 3 4 5 6 7* Post Avg. Uni. Avg. Bi. Avg. 

KOOS Total (%) 58 53 89 72 43 58 85 65.0 ± 16.5 65.5 ± 19.6 64.3 ± 15.5 

     QOL (%)                                              44 25 69 50 19 44 94 49.3 ± 25.7 45.5 ± 20.6 54.3 ± 35.6 

     Pain (%) 72 64 86 67 53 75 86 71.9 ± 11.9 70.3 ± 13.9 74.0 ± 11.1 

     ADL (%) 72 66 96 81 65 78 93 78.7 ± 12.3 80.0 ± 12.7 77.0 ± 14.2 

     Sport/Rec (%) 25 35 100 85 20 35 60 51.4 ± 31.1 60.0 ± 38.5 40.0 ± 18 

     Sym/Stiff (%) 79 75 93 79 57 61 75 74.1 ± 12 72.5 ± 16.7 76.3 ± 2.3 

TSK (%) 51 43 47 41 57 50 31 45.7 ± 8.4 48.8 ± 6.7 41.7 ± 10.1 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi.: Bilateral, KOOS: Knee Injury and Osteoarthritis 

Outcome Score , QOL: Quality of Life, ADL: Activities of Daily Living, Sym/Stiff: Symptoms and Stiffness 
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Table 16: Clinical Metrics and Measurements (mean ± std) 

Participan

t 

TUG 

Time (s) 

TUG 

Pain 

Replaced 

Circ. 

(cm) 

Contralateral 

Circ. (cm) 

Replaced 

ROM (°) 

Contralateral 

ROM (°) 

Gait 

Speed 

(m/s) 

1* 13.45 3 50.8 48.3 106 106 1.17 

2* 9.22 1 48.3 45.7 121 118 1.33 

3 9.38 0 50.6 51.2 122 120 1.08 

4 6.31 2 41.9 37.9 134 142 1.36 

5 9.46 0.5 42.3 39.6 123 131 1.30 

6 6.72 2.5 40.9 36 134 154 1.60 

7* 6.94 0 45.5 42.1 139 122 1.63 

Post Avg. 8.8 ± 2.5 1.3 ± 1.2 45.8 ± 4.2 43 ± 5.6 125.6 ± 11.1 127.6 ± 16.1 1.35 ± 0.2 

Uni. Avg. 8.0 ± 1.7 1.3 ± 1.2 43.9 ± 4.5 41.2 ± 6.8 128.3 ± 6.7 136.8 ± 14.6 1.33 ± 0.21 

Bi. Avg. 9.9 ± 3.3 1.3 ± 1.5 48.2 ± 2.7 45.4 ± 3.1 122 ± 16.5 115.3 ± 8.3 1.38 ± 0.23 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi.: Bilateral. TUG: Timed Up and Go 

 

Table 17: Pain in the Replaced Knee during Cycling (mean ± std) 

Participant 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

1* 3.5 3.5 3.5 3.5 3.5 

2* 0 0 0 0.5 0 

3 2 2 2 2.5 2 

4 0 0 0 0 0 

5 4 3.5 5 2 3.5 

6 0 0 0 0 0 

7* 1 0.5 0.5 0 0 

Post Avg. 1.5 ± 1.7 1.4 ± 1.6 1.6 ± 2 1.2 ± 1.4 1.3 ± 1.7 

Uni. Avg. 1.5 ± 1.9 1.4 ± 1.7 1.8 ± 2.4 1.1 ± 1.3 1.4 ± 1.7 

Bi. Avg. 1.5 ± 1.8 1.3 ± 1.9 1.3 ± 1.9 1.3 ± 1.9 1.2 ± 2 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi.: Bilateral 

 

Table 18: Rating of Perceived Exertion (RPE, Borg Scale) during Cycling (mean ± std) 

Participant 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

1* 11 11 11 11 11 

2* 11 11 11 11 11 

3 11 7 7 12 11 

4 12 14 17 14 14 

5 13 13 8 11 12 

6 11 10 12 12 9.5 

7* 11 11 11 10 9 

Post Avg. 11.4 ± 0.8 11 ± 2.2 11 ± 3.2 11.6 ± 1.3 11.1 ± 1.6 

Uni. Avg. 11.8 ± 1 11 ± 3.2 11 ± 4.5 12.3 ± 1.3 11.6 ± 1.9 

Bi. Avg. 11 ± 0 11 ± 0 11 ± 0 10.7 ± 0.6 10.3 ± 1.2 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi.: Bilateral 
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Table 19: Peak Vertical Pedal Reaction Force (N, mean ± std) 

Participant Limb 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

1* 
R 307.06 ± 13.56 304.68 ± 9.75 311.22 ± 9.4 277.25 ± 9.84 267.75 ± 11.21 

C 310.95 ± 7.13 289.0 ± 11.73 369.47 ± 12.1 322.16 ± 13.28 345.35 ± 12.48 

2* 
R 219.02 ± 12.34 196.72 ± 2.63 237.41 ± 6.15 220.49 ± 3.41 244.29 ± 18.45 

C 287.44 ± 31.04 235.05 ± 10.84 268.1 ± 20.76 284.27 ± 8.77 303.67 ± 13.45 

3 
R 280.51 ± 7.63 270.51 ± 15.49 237.43 ± 13.03 251.25 ± 4.41 239.05 ± 7.07 

C 239.63 ± 5.8 249.19 ± 19.05 270.31 ± 7.22 245.04 ± 6.26 269.51 ± 12.02 

4 
R 194.97 ± 11.27 186.13 ± 10.51 175.43 ± 8.17 180.86 ± 11.02 183.34 ± 10.73 

C 196.21 ± 10.1 175.83 ± 5.63 151.03 ± 6.15 193.19 ± 14.45 210.95 ± 11.27 

5 
R 201.83 ± 5.14 206.21 ± 4.7 230.99 ± 7.87 207.0 ± 6.52 203.14 ± 2.12 

C 259.42 ± 14.26 224.1 ± 2.65 230.89 ± 6.6 252.18 ± 14.68 255.33 ± 8.27 

6 
R 176.88 ± 7.75 176.69 ± 26.66 216.08 ± 12.1 173.76 ± 32.17 185.41 ± 3.8 

C 195.41 ± 21.94 182.82 ± 19.73 270.38 ± 20.34 169.04 ± 38.93 204.39 ± 8.84 

7* 
R 212.29 ± 12.89 235.62 ± 17.0 203.47 ± 19.5 208.35 ± 10.55 220.31 ± 8.72 

C 179.81 ± 9.0 179.32 ± 8.71 196.57 ± 6.09 192.63 ± 7.39 192.63 ± 7.39 

Post Avg. 
R 227.51 ± 44.28 225.22 ± 43.96 230.29 ± 38.88 216.99 ± 34.15 220.47 ± 29.41 

C 238.41 ± 46.56 219.33 ± 39.35 250.96 ± 63.74 236.93 ± 51.11 254.55 ± 52.28 

Uni. Avg. 
R 213.55 ± 45.87 209.88 ± 42.25 214.98 ± 27.84 203.22 ± 35.07 202.74 ± 25.79 

C 222.67 ± 32.05 207.98 ± 34.76 230.65 ± 56.25 214.86 ± 40.3 235.04 ± 32.25 

Bi. Avg. 
R 246.12 ± 52.88 245.67 ± 54.68 250.7 ± 55.09 235.36 ± 36.78 244.12 ± 23.72 

C 259.4 ± 69.92 234.46 ± 54.84 278.05 ± 86.88 266.35 ± 66.6 280.55 ± 78.94 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi.: Bilateral, R: Replaced, C: Contralateral 

 

Table 20: Sagittal Knee ROM (°, mean ± std) 

Participant Limb 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

1* 
R 47.5 ± 0.2 50.6 ± 0.1 54.5 ± 0.1 50.7 ± 0.2 46.9 ± 0.1 

C 56.2 ± 0.1 56.9 ± 0.1 57.4 ± 0.1 52.6 ± 0.4 47.0 ± 0.3 

2* 
R 58.7 ± 0.2 58.8 ± 0.3 61.3 ± 0.3 56.2 ± 0.1 52.0 ± 0.2 

C 53.0 ± 0.1 56.9 ± 0.1 59.9 ± 0.3 55.6 ± 0.2 49.9 ± 0.2 

3 
R 62.7 ± 0.2 64.3 ± 0.1 67.5 ± 0.1 63.2 ± 0.1 56.5 ± 0.4 

C 55.5 ± 0.2 61.3 ± 0.2 62.2 ± 0.2 55.0 ± 0.1 50.8 ± 0.2 

4 
R 68.5 ± 0.5 68.8 ± 0.3 72.9 ± 0.2 69.1 ± 0.3 62.1 ± 0.9 

C 63.8 ± 0.3 64.9 ± 0.2 67.2 ± 0.2 61.0 ± 0.4 56.1 ± 0.1 

5 
R 48.7 ± 0.8 54.8 ± 0.6 54.0 ± 0.5 54.3 ± 1.3 42.6 ± 1.2 

C 67.6 ± 0.2 66.9 ± 0.3 76.7 ± 0.3 65.6 ± 0.5 64.1 ± 1.0 

6 
R 51.4 ± 0.7 58.3 ± 0.5 61.5 ± 0.8 56.3 ± 0.6 51.3 ± 0.3 

C 66.6 ± 0.6 65.6 ± 1.6 65.9 ± 0.7 59.7 ± 1.5 54.4 ± 0.6 

7* 
R 49.4 ± 0.3 53.2 ± 0.3 58.4 ± 0.1 54.4 ± 0.2 50.3 ± 0.2 

C 60.8 ± 0.1 59.3 ± 0.3 59.4 ± 0.2 53.3 ± 0.3 52.6 ± 0.4 

Post Avg. 
R 55.27 ± 0.42 58.39 ± 0.33 61.45 ± 0.30 57.75 ± 0.40 51.67 ± 0.47 

C 60.50 ± 0.23 61.71 ± 0.40 64.10 ± 0.28 57.56 ± 0.49 53.58 ± 0.39 

Uni. Avg. 
R 57.84 ± 0.56 61.55 ± 0.39 63.98 ± 0.40 60.73 ± 0.58 53.12 ± 0.69 

C 63.37 ± 0.30 64.71 ± 0.56 68.00 ± 0.34 60.35 ± 0.63 56.37 ± 0.46 

Bi. Avg. 
R 51.85 ± 0.22 54.18 ± 0.26 58.08 ± 0.17 53.79 ± 0.16 49.75 ± 0.18 

C 56.67 ± 0.13 57.70 ± 0.18 58.90 ± 0.21 53.84 ± 0.30 49.86 ± 0.30 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi: Bilateral, R: Replaced, C: Contralateral 
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Table 21: Peak Knee Extension Angle (°, mean ± std) 

Participant Limb 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

1* 
R -53.91 ± 0.28 -51.3 ± 0.31 -47.59 ± 0.47 -51.71 ± 0.55 -54.86 ± 0.53 

C -44.87 ± 0.5 -45.37 ± 0.24 -45.22 ± 0.21 -46.71 ± 0.34 -50.89 ± 0.28 

2* 
R -36.08 ± 0.28 -41.31 ± 0.42 -38.39 ± 0.41 -40.68 ± 0.37 -42.69 ± 0.44 

C -42.51 ± 0.83 -37.96 ± 1.22 -37.47 ± 0.76 -38.87 ± 1.09 -42.46 ± 0.31 

3 
R -50.49 ± 0.28 -47.07 ± 0.89 -42.11 ± 0.81 -49.64 ± 0.27 -53.35 ± 0.41 

C -48.55 ± 0.09 -44.6 ± 0.51 -43.72 ± 0.55 -53.38 ± 0.36 -55.31 ± 0.35 

4 
R -47.82 ± 0.6 -46.9 ± 0.52 -43.66 ± 0.3 -46.33 ± 0.47 -48.0 ± 0.34 

C -41.85 ± 0.47 -43.56 ± 0.56 -43.44 ± 0.21 -48.43 ± 0.42 -49.77 ± 0.37 

5 
R -45.61 ± 0.2 -41.83 ± 0.9 -38.21 ± 0.25 -39.03 ± 0.26 -47.61 ± 0.36 

C -30.0 ± 0.42 -32.2 ± 0.21 -25.95 ± 0.33 -33.56 ± 0.69 -36.37 ± 0.35 

6 
R -65.73 ± 0.83 -59.94 ± 2.16 -58.52 ± 0.72 -61.56 ± 0.83 -64.68 ± 0.72 

C -58.22 ± 0.48 -57.37 ± 1.68 -57.8 ± 0.46 -61.7 ± 0.72 -64.59 ± 0.45 

7* 
R -51.26 ± 0.36 -51.48 ± 0.16 -47.81 ± 0.34 -49.41 ± 0.36 -50.79 ± 0.21 

C -40.81 ± 0.14 -44.86 ± 0.27 -44.81 ± 0.34 -45.42 ± 0.23 -45.42 ± 0.23 

Post Avg. 
R -50.13 ± 8.3 -48.55 ± 5.96 -45.18 ± 6.51 -48.34 ± 6.95 -51.71 ± 6.48 

C -43.83 ± 7.89 -43.7 ± 7.14 -42.63 ± 8.85 -46.87 ± 8.52 -49.26 ± 8.47 

Uni. Avg. 
R -52.41 ± 9.1 -48.94 ± 7.73 -45.62 ± 8.9 -49.14 ± 9.39 -53.41 ± 7.96 

C -44.66 ± 11.86 -44.43 ± 10.29 -42.73 ± 13.04 -49.27 ± 11.82 -51.51 ± 11.8 

Bi. Avg. 
R -47.08 ± 9.62 -48.03 ± 5.82 -44.6 ± 5.38 -47.27 ± 5.82 -49.45 ± 6.2 

C -42.73 ± 2.04 -42.73 ± 4.14 -42.5 ± 4.36 -43.67 ± 4.2 -46.26 ± 4.28 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi: Bilateral, R: Replaced, C: Contralateral 

 

Table 22: Peak Knee Extension Moment (Nm, mean ± std) 

Participant Limb 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

1* 
R 19.96 ± 1.53 19.24 ± 1.58 26.05 ± 0.15 29.93 ± 0.99 13.42 ± 1.15 

C 40.36 ± 1.0 30.27 ± 3.41 46.77 ± 0.88 39.52 ± 2.61 41.55 ± 3.38 

2* 
R 27.41 ± 3.81 19.65 ± 1.7 15.53 ± 2.02 21.95 ± 1.12 22.34 ± 3.68 

C 28.06 ± 3.56 25.15 ± 3.06 31.48 ± 2.74 27.79 ± 0.9 30.21 ± 1.77 

3 
R 16.32 ± 1.18 23.9 ± 1.25 14.03 ± 1.81 17.72 ± 0.4 20.4 ± 0.94 

C 21.81 ± 0.8 23.37 ± 0.83 24.24 ± 2.08 19.61 ± 1.14 24.34 ± 1.45 

4 
R 12.87 ± 1.42 11.3 ± 0.98 14.79 ± 1.38 10.83 ± 1.22 13.67 ± 0.82 

C 9.94 ± 0.59 9.37 ± 0.46 17.0 ± 1.06 11.09 ± 1.4 11.63 ± 0.76 

5 
R 7.82 ± 1.33 6.97 ± 0.23 10.76 ± 0.8 9.61 ± 0.88 13.28 ± 0.94 

C 13.89 ± 2.53 21.1 ± 0.93 21.14 ± 1.62 19.31 ± 2.41 21.36 ± 1.46 

6 
R 15.6 ± 1.71 13.58 ± 4.23 16.94 ± 1.38 11.97 ± 7.61 12.98 ± 2.86 

C 20.5 ± 3.0 17.36 ± 2.98 9.46 ± 3.75 13.67 ± 4.04 18.11 ± 1.45 

7* 
R 14.24 ± 1.84 17.53 ± 1.38 22.26 ± 1.85 10.53 ± 1.17 15.98 ± 0.77 

C 21.5 ± 3.43 24.23 ± 7.48 25.8 ± 1.41 26.69 ± 3.65 26.69 ± 3.65 

Post Avg. 
R 16.32 ± 5.67 16.02 ± 5.32 17.19 ± 4.84 16.08 ± 7.03 16.01 ± 3.55 

C 22.29 ± 9.16 21.55 ± 6.16 25.13 ± 10.94 22.53 ± 8.96 24.84 ± 8.81 

Uni. Avg. 
R 13.15 ± 3.85 13.94 ± 7.19 14.13 ± 2.56 12.53 ± 3.59 15.08 ± 3.56 

C 16.54 ± 5.6 17.8 ± 6.14 17.96 ± 6.4 15.92 ± 4.22 18.86 ± 5.45 

Bi. Avg. 
R 20.54 ± 6.6 18.81 ± 1.12 21.28 ± 5.33 20.8 ± 9.75 17.25 ± 4.59 

C 29.97 ± 9.57 26.55 ± 3.25 34.68 ± 10.85 31.33 ± 7.11 32.82 ± 7.77 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi: Bilateral, R: Replaced, C: Contralateral 
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Table 23: Peak Knee Abduction Moment (Nm, mean ± std) 

Participant Limb 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

1* 
R -9.51 ± 1.12 -7.55 ± 0.41 -8.97 ± 0.81 -10.34 ± 0.71 -8.97 ± 0.77 

C -3.36 ± 1.17 -2.1 ± 0.75 -3.36 ± 1.31 -6.04 ± 1.04 -4.73 ± 1.28 

2* 
R -7.41 ± 1.09 -7.5 ± 1.56 -7.47 ± 2.0 -8.0 ± 1.73 -8.1 ± 0.79 

C -13.87 ± 1.87 -16.0 ± 0.78 -14.17 ± 1.47 -13.29 ± 0.57 -17.78 ± 1.32 

3 
R -1.22 ± 0.7 -0.13 ± 0.44 -2.18 ± 0.17 -1.4 ± 0.57 -0.86 ± 0.48 

C -5.24 ± 0.59 -4.55 ± 0.33 -5.13 ± 0.48 -4.19 ± 0.49 -4.75 ± 0.4 

4 
R 0.72 ± 0.45 0.43 ± 0.29 0.02 ± 0.24 -0.04 ± 0.25 0.88 ± 0.08 

C -4.44 ± 0.79 -3.86 ± 0.07 -1.71 ± 0.07 -2.35 ± 0.25 -3.39 ± 0.34 

5 
R -1.28 ± 0.69 -1.49 ± 0.43 -1.7 ± 0.91 -1.33 ± 0.53 -1.52 ± 0.34 

C -1.4 ± 0.74 2.29 ± 0.91 0.8 ± 0.99 0.03 ± 0.87 -0.47 ± 0.6 

6 
R -0.75 ± 0.52 -0.91 ± 1.38 1.2 ± 0.38 -0.9 ± 1.11 0.01 ± 0.29 

C -0.55 ± 2.8 -1.79 ± 1.03 -4.4 ± 0.89 -2.02 ± 1.65 -1.64 ± 0.42 

7* 
R -8.0 ± 1.17 -8.01 ± 0.67 -5.69 ± 0.77 -7.42 ± 0.35 -8.25 ± 0.32 

C -5.26 ± 1.62 0.2 ± 0.56 -0.03 ± 0.54 -1.7 ± 1.01 -1.7 ± 1.01 

Post Avg. 
R -3.92 ± 3.89 -3.59 ± 3.59 -3.54 ± 3.59 -4.2 ± 3.91 -3.83 ± 4.06 

C -4.88 ± 4.04 -3.69 ± 5.47 -4.00 ± 4.99 -4.22 ± 4.11 -4.92 ± 5.46 

Uni. Avg. 
R -0.63 ± 0.93 -0.52 ± 0.85 -0.66 ± 1.56 -0.92 ± 0.63 -0.37 ± 1.04 

C -2.91 ± 2.28 -1.98 ± 3.08 -2.61 ± 2.71 -2.13 ± 1.73 -2.56 ± 1.89 

Bi. Avg. 
R -8.31 ± 1.08 -7.69 ± 0.28 -7.38 ± 1.64 -8.59 ± 1.55 -8.44 ± 0.47 

C -7.5 ± 5.6 -5.97 ± 8.76 -7.1 ± 10.0 -7.01 ± 5.86 -8.07 ± 8.54 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi: Bilateral, R: Replaced, C: Contralateral 

 

Table 24: Peak Knee Power (Nm/s, mean ± std) 

Participant Limb 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

1* 
R 63.79 ± 5.57 65.59 ± 5.25 97.51 ± 1.98 42.99 ± 10.89 40.78 ± 3.44 

C 153.29 ± 3.08 114.56 ± 12.8 183.4 ± 2.75 135.41 ± 10.14 128.8 ± 10.09 

2* 
R 117.61 ± 17.57 75.48 ± 7.53 64.53 ± 8.79 83.89 ± 4.04 77.13 ± 11.68 

C 102.41 ± 14.55 102.81 ± 14.19 127.79 ± 13.78 107.33 ± 6.94 104.11 ± 4.91 

3 
R 59.58 ± 4.41 89.76 ± 3.71 63.83 ± 7.88 67.44 ± 1.48 71.57 ± 4.03 

C 88.03 ± 3.5 92.05 ± 2.46 96.08 ± 6.43 68.99 ± 4.56 78.09 ± 4.69 

4 
R 46.09 ± 4.86 41.2 ± 3.99 53.09 ± 4.77 41.18 ± 5.03 46.09 ± 3.29 

C 48.8 ± 1.58 42.09 ± 2.1 69.54 ± 4.84 47.98 ± 5.85 42.67 ± 2.2 

5 
R 27.69 ± 5.25 27.96 ± 0.86 49.37 ± 4.02 40.81 ± 4.3 48.66 ± 3.5 

C 53.45 ± 10.87 90.18 ± 6.97 95.75 ± 6.51 73.72 ± 8.34 70.08 ± 6.53 

6 
R 52.63 ± 8.16 52.65 ± 20.37 67.55 ± 5.49 45.21 ± 25.25 44.98 ± 10.68 

C 83.4 ± 6.31 72.71 ± 17.13 39.1 ± 16.71 53.11 ± 18.38 66.12 ± 5.56 

7* 
R 44.62 ± 6.51 60.89 ± 5.26 88.07 ± 8.06 37.21 ± 5.28 54.41 ± 2.55 

C 64.04 ± 11.6 73.15 ± 14.26 93.85 ± 7.22 76.46 ± 8.01 76.46 ± 8.01 

Post Avg. 
R 58.86 ± 26.33 59.08 ± 19.22 69.13 ± 16.32 51.25 ± 16.21 54.8 ± 13.02 

C 84.78 ± 33.21 83.94 ± 22.01 100.79 ± 42.14 80.43 ± 28.63 80.91 ± 25.8 

Uni. Avg. 
R 46.5 ± 13.69 52.89 ± 26.57 58.46 ± 8.62 48.66 ± 12.68 52.82 ± 12.59 

C 68.42 ± 20.15 74.26 ± 23.15 75.12 ± 27.04 60.95 ± 12.35 64.24 ± 15.22 

Bi. Avg. 
R 75.34 ± 37.84 67.32 ± 7.45 83.37 ± 16.98 54.7 ± 25.45 57.44 ± 18.36 

C 106.58 ± 44.77 96.84 ± 21.34 135.01 ± 45.21 106.4 ± 29.49 103.12 ± 26.18 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi: Bilateral, R: Replaced, C: Contralateral 
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Table 25: Sagittal Ankle ROM (°, mean ± std) 

Participant Limb 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

1* 
R 7.7 ± 0.2 8.0 ± 0.7 9.1 ± 0.5 7.7 ± 0.9 6.6 ± 0.3 

C 14.6 ± 0.6 14.8 ± 0.3 15.0 ± 0.2 13.1 ± 0.6 10.2 ± 0.7 

2* 
R 30.1 ± 2.0 30.8 ± 1.0 28.2 ± 1.5 25.4 ± 1.5 21.4 ± 2.7 

C 10.6 ± 0.6 13.9 ± 0.3 19.8 ± 0.4 12.1 ± 0.7 9.1 ± 0.3 

3 
R 19.9 ± 0.6 18.8 ± 0.5 17.3 ± 0.6 23.6 ± 1.0 11.3 ± 1.1 

C 2.7 ± 0.4 7.6 ± 0.5 17.2 ± 0.2 8.8 ± 0.7 5.1 ± 0.7 

4 
R 20.9 ± 2.8 12.8 ± 1.5 8.9 ± 1.3 18.5 ± 2.2 11.8 ± 4.2 

C 7.1 ± 0.9 11.4 ± 1.0 12.7 ± 1.9 10.3 ± 1.8 6.9 ± 0.6 

5 
R 6.7 ± 4.5 17.9 ± 3.1 17.6 ± 2.3 8.2 ± 7.1 8.6 ± 5.4 

C 8.7 ± 0.4 18.2 ± 0.8 28.0 ± 0.3 15.5 ± 2.2 7.2 ± 4.6 

6 
R 9.1 ± 3.6 13.0 ± 10.9 10.6 ± 4.9 6.8 ± 4.6 9.4 ± 2.8 

C 21.8 ± 3.6 14.2 ± 16.1 21.9 ± 3.1 13.3 ± 11.5 15.4 ± 4.9 

7* 
R 9.1 ± 1.4 9.3 ± 3.3 16.3 ± 2.0 9.9 ± 3.3 9.3 ± 2.2 

C 17.7 ± 5.0 15.8 ± 1.8 15.6 ± 3.4 9.9 ± 2.7 14.3 ± 3.3 

Post Avg. 
R 14.78 ± 2.15 15.81 ± 3.00 15.43 ± 1.85 14.29 ± 2.94 11.21 ± 2.68 

C 11.89 ± 1.65 13.72 ± 2.96 18.60 ± 1.37 11.85 ± 2.88 9.74 ± 2.17 

Uni. Avg. 
R 14.16 ± 2.86 15.63 ± 4.03 13.62 ± 2.26 14.28 ± 3.70 10.28 ± 3.39 

C 10.08 ± 1.32 12.87 ± 4.58 19.95 ± 1.39 11.96 ± 4.03 8.65 ± 2.71 

Bi. Avg. 
R 15.62 ± 1.19 16.04 ± 1.64 17.84 ± 1.32 14.30 ± 1.92 12.45 ± 1.73 

C 14.32 ± 2.08 14.85 ± 0.80 16.79 ± 1.33 11.71 ± 1.34 11.19 ± 1.44 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi: Bilateral, R: Replaced, C: Contralateral 

 

Table 26: Peak Ankle Plantarflexion Moment (Nm, mean ± std) 

Participant Limb 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

1* 
R -35.36 ± 2.31 -35.7 ± 1.69 -36.03 ± 1.27 -34.59 ± 2.24 -30.46 ± 1.38 

C -26.69 ± 1.67 -25.2 ± 0.25 -31.4 ± 1.72 -26.59 ± 1.22 -27.85 ± 1.2 

2* 
R -24.34 ± 1.15 -22.57 ± 0.44 -30.04 ± 1.28 -25.75 ± 0.88 -29.25 ± 1.9 

C -40.4 ± 4.59 -30.63 ± 2.03 -35.3 ± 3.53 -40.76 ± 1.87 -39.91 ± 2.48 

3 
R -20.72 ± 1.62 -18.5 ± 1.57 -19.57 ± 1.66 -15.66 ± 0.43 -17.34 ± 0.8 

C -18.47 ± 0.76 -18.03 ± 1.53 -20.35 ± 0.77 -18.0 ± 1.53 -19.95 ± 1.22 

4 
R -7.95 ± 0.82 -11.24 ± 0.56 -11.07 ± 0.27 -10.15 ± 0.52 -8.18 ± 0.75 

C -15.81 ± 1.76 -13.43 ± 0.75 -7.72 ± 0.69 -16.08 ± 1.12 -15.09 ± 1.04 

5 
R -4.0 ± 0.94 -4.97 ± 1.69 -2.59 ± 3.59 -5.1 ± 0.58 -4.7 ± 0.44 

C -8.85 ± 0.97 -7.19 ± 1.1 -8.72 ± 2.09 -10.55 ± 2.55 -6.33 ± 0.87 

6 
R -9.24 ± 0.71 -11.27 ± 4.06 -14.24 ± 0.6 -10.68 ± 1.57 -11.22 ± 0.81 

C -11.25 ± 2.83 -11.42 ± 3.1 -24.61 ± 2.23 -11.16 ± 3.99 -12.12 ± 0.89 

7* 
R -19.86 ± 0.76 -21.26 ± 1.96 -18.58 ± 0.58 -20.57 ± 1.25 -20.14 ± 1.09 

C -15.08 ± 0.54 -15.59 ± 0.99 -15.93 ± 1.05 -15.57 ± 1.01 -15.57 ± 1.01 

Post Avg. 
R -17.35 ± 10.16 -17.93 ± 9.3 -18.88 ± 10.47 -17.5 ± 9.47 -17.33 ± 9.28 

C -19.51 ± 10.03 -17.36 ± 7.52 -20.57 ± 9.84 -19.82 ± 9.86 -19.55 ± 10.34 

Uni. Avg. 
R -10.48 ± 7.18 -11.5 ± 5.53 -11.87 ± 7.11 -10.4 ± 4.32 -10.36 ± 5.36 

C -13.6 ± 4.35 -12.52 ± 4.5 -15.35 ± 8.42 -13.95 ± 3.66 -13.37 ± 5.7 

Bi. Avg. 
R -26.52 ± 7.98 -26.51 ± 7.99 -28.22 ± 8.87 -26.97 ± 7.09 -26.62 ± 5.64 

C -27.39 ± 12.67 -23.81 ± 7.62 -27.54 ± 10.24 -27.64 ± 12.63 -27.78 ± 12.17 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi: Bilateral, R: Replaced, C: Contralateral 
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Table 27: Sagittal Hip ROM (°, mean ± std) 

Participant Limb 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

1* 
R 24.6 ± 0.3 26.6 ± 0.2 29.3 ± 0.3 27.2 ± 0.7 24.4 ± 0.3 

C 35.2 ± 0.2 35.7 ± 0.4 35.5 ± 0.2 32.5 ± 0.3 30.2 ± 0.3 

2* 
R 32.8 ± 0.7 32.4 ± 0.4 34.8 ± 0.2 31.2 ± 0.6 29.8 ± 0.8 

C 30.3 ± 0.4 33.8 ± 0.3 34.1 ± 0.4 32.8 ± 0.4 28.8 ± 0.4 

3 
R 39.7 ± 0.9 40.3 ± 0.7 42.1 ± 0.5 38.1 ± 0.3 36.1 ± 0.4 

C 35.1 ± 1.2 38.2 ± 0.8 38.5 ± 0.8 34.6 ± 1.0 31.2 ± 0.7 

4 
R 43.0 ± 0.7 45.5 ± 0.7 48.8 ± 0.3 42.6 ± 0.4 40.5 ± 0.9 

C 48.1 ± 1.1 47.9 ± 0.3 49.8 ± 0.4 46.5 ± 0.4 43.2 ± 0.4 

5 
R 31.8 ± 0.8 31.8 ± 0.8 30.6 ± 0.9 31.1 ± 0.9 26.3 ± 0.4 

C 58.3 ± 0.6 58.9 ± 0.7 68.5 ± 0.3 57.9 ± 0.3 56.5 ± 0.4 

6 
R 38.4 ± 1.4 42.6 ± 4.3 46.1 ± 1.6 42.7 ± 2.3 38.6 ± 0.7 

C 42.5 ± 1.1 43.9 ± 4.9 44.0 ± 1.3 39.7 ± 3.2 35.5 ± 1.2 

7* 
R 33.8 ± 0.2 36.2 ± 0.8 37.4 ± 0.4 36.4 ± 1.0 33.9 ± 0.5 

C 37.3 ± 1.2 36.0 ± 0.6 36.9 ± 0.8 33.8 ± 0.7 31.7 ± 0.4 

Post Avg. 
R 34.87 ± 0.69 36.49 ± 1.11 38.44 ± 0.59 35.60 ± 0.89 32.79 ± 0.57 

C 40.97 ± 0.86 42.05 ± 1.16 43.91 ± 0.60 39.67 ± 0.90 36.73 ± 0.52 

Uni. Avg. 
R 38.24 ± 0.93 40.06 ± 1.59 41.90 ± 0.82 38.61 ± 0.99 35.36 ± 0.60 

C 46.01 ± 1.02 47.23 ± 1.68 50.21 ± 0.70 44.65 ± 1.22 41.62 ± 0.65 

Bi. Avg. 
R 30.38 ± 0.37 31.74 ± 0.47 33.82 ± 0.29 31.59 ± 0.76 29.36 ± 0.53 

C 34.26 ± 0.64 35.15 ± 0.46 35.52 ± 0.47 33.03 ± 0.48 30.23 ± 0.35 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi: Bilateral, R: Replaced, C: Contralateral 

 

Table 28: Peak Hip Extension Moment (Nm, mean ± std) 

Participant Limb 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

1* 
R -24.07 ± 0.75 -29.87 ± 1.96 -37.65 ± 1.07 -24.94 ± 2.5 -20.52 ± 2.94 

C -24.01 ± 2.0 -30.3 ± 1.16 -35.58 ± 0.99 -14.4 ± 1.42 -16.41 ± 1.99 

2* 
R -30.59 ± 1.23 -29.92 ± 1.8 -55.36 ± 2.71 -37.58 ± 3.93 -46.44 ± 1.94 

C -37.24 ± 2.96 -31.14 ± 0.85 -29.63 ± 1.7 -41.73 ± 1.6 -37.55 ± 2.24 

3 
R -35.53 ± 1.53 -23.52 ± 2.38 -28.49 ± 1.87 -28.41 ± 1.68 -21.62 ± 3.63 

C -19.54 ± 1.06 -14.65 ± 2.46 -15.39 ± 3.27 -29.96 ± 1.54 -25.34 ± 6.58 

4 
R -11.2 ± 1.64 -16.11 ± 0.87 -12.69 ± 0.74 -13.26 ± 1.05 -6.36 ± 1.58 

C -19.02 ± 2.43 -17.37 ± 0.95 3.27 ± 0.94 -17.99 ± 1.87 -17.88 ± 2.09 

5 
R -19.53 ± 1.1 -22.77 ± 0.62 -22.27 ± 2.04 -18.29 ± 1.55 -14.55 ± 0.95 

C -26.31 ± 1.06 -12.13 ± 0.6 -17.79 ± 0.6 -18.79 ± 1.27 -19.45 ± 0.61 

6 
R -19.9 ± 3.31 -19.4 ± 5.26 -29.59 ± 3.01 -26.36 ± 7.06 -25.6 ± 1.74 

C -14.23 ± 3.93 -15.26 ± 5.67 -62.17 ± 4.96 -16.28 ± 5.61 -23.14 ± 1.05 

7* 
R -23.0 ± 1.63 -23.13 ± 4.2 -16.39 ± 0.9 -25.42 ± 2.12 -19.33 ± 2.12 

C -15.23 ± 1.71 -14.11 ± 0.83 -14.26 ± 1.45 -15.34 ± 1.76 -15.34 ± 1.76 

Post Avg. 
R -23.4 ± 7.32 -23.53 ± 4.69 -28.92 ± 13.31 -24.89 ± 7.12 -22.06 ± 11.46 

C -22.22 ± 7.33 -19.28 ± 7.38 -24.51 ± 19.17 -22.07 ± 9.36 -22.16 ± 7.1 

Uni. Avg. 
R -21.54 ± 10.15 -20.45 ± 3.4 -23.26 ± 7.75 -21.58 ± 7.06 -17.03 ± 8.46 

C -19.78 ± 4.97 -14.85 ± 2.16 -23.02 ± 27.75 -20.76 ± 6.23 -21.45 ± 3.4 

Bi. Avg. 
R -25.89 ± 4.11 -27.64 ± 3.91 -36.47 ± 19.51 -29.31 ± 7.16 -28.76 ± 15.32 

C -25.49 ± 11.08 -25.18 ± 9.6 -26.49 ± 11.0 -23.82 ± 15.51 -23.1 ± 12.53 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi: Bilateral, R: Replaced, C: Contralateral 
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Table 29: Vertical Pedal Reaction Force (N, mean ± std) - Difference 

Participant 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

1* 3.89 ± 19.25 -15.68 ± 23.20 58.25 ± 11.07 44.91 ± 17.17 77.60 ± 8.71 

2* 68.42 ± 24.79 38.33 ± 11.61 30.69 ± 24.30 63.78 ± 10.08 59.38 ± 13.70 

3 -40.88 ± 9.23 -21.31 ± 15.51 32.88 ± 10.38 -6.20 ± 8.60 30.46 ± 19.32 

4 1.24 ± 10.86 -10.30 ± 15.15 -24.40 ± 8.86 12.33 ± 25.42 27.62 ± 13.99 

5 57.59 ± 11.02 17.89 ± 5.83 -0.11 ± 3.15 45.18 ± 13.23 52.19 ± 11.05 

6 18.53 ± 24.44 6.14 ± 16.68 54.30 ± 10.02 -4.72 ± 17.85 18.97 ± 13.81 

7* -32.48 ± 6.86 -56.31 ± 24.18 -6.91 ± 16.02 -15.71 ± 6.19 -27.67 ± 14.12 

Post Avg. 10.90 ± 41.34 -5.89 ± 30.44 20.67 ± 31.67 19.94 ± 31.10 34.08 ± 34.05 

Uni. Avg. 9.12 ± 40.82 -1.89 ± 17.36 15.67 ± 34.85 11.65 ± 23.88 32.31 ± 14.13 

Bi. Avg. 13.28 ± 51.10 -11.22 ± 47.48 27.34 ± 32.71 30.99 ± 41.53 36.44 ± 56.26 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi.: Bilateral 

 

Table 30: Sagittal Knee ROM (°, mean ± std) - Difference 

Participant 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

1* 8.78 ± 0.43 6.29 ± 0.41 2.9 ± 0.16 1.89 ± 0.73 0.13 ± 0.86 

2* -5.74 ± 0.92 -1.82 ± 1.95 -1.45 ± 0.74 -0.61 ± 1.69 -2.09 ± 0.95 

3 -7.2 ± 0.49 -3.02 ± 1.35 -5.32 ± 1.28 -8.14 ± 0.73 -5.69 ± 0.32 

4 -4.7 ± 1.18 -3.88 ± 0.7 -5.66 ± 0.48 -8.09 ± 0.82 -5.96 ± 1.3 

5 18.9 ± 1.02 12.17 ± 0.46 22.64 ± 0.55 11.25 ± 0.85 21.49 ± 0.53 

6 15.11 ± 1.7 7.38 ± 0.94 4.39 ± 1.01 3.46 ± 1.8 3.15 ± 1.03 

7* 11.42 ± 0.68 6.1 ± 0.62 1.02 ± 0.43 -1.12 ± 0.39 2.3 ± 0.83 

Post Avg. 5.22 ± 10.87 3.32 ± 6.19 2.65 ± 9.62 -0.2 ± 6.77 1.9 ± 9.34 

Uni. Avg. 5.53 ± 13.38 3.16 ± 7.89 4.01 ± 13.26 -0.38 ± 9.48 3.25 ± 12.88 

Bi. Avg. 4.82 ± 9.24 3.52 ± 4.63 0.83 ± 2.18 0.05 ± 1.61 0.11 ± 2.2 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi.: Bilateral 

 

Table 31: Knee Extension Angle (°, mean ± std) - Difference 

Participant 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

1* 9.04 ± 0.48 5.93 ± 0.38 2.37 ± 0.32 5.00 ± 0.65 3.97 ± 0.64 

2* -6.43 ± 0.95 3.34 ± 1.63 0.93 ± 0.68 1.80 ± 1.50 0.23 ± 0.60 

3 1.95 ± 0.30 2.47 ± 1.30 -1.62 ± 1.30 -3.74 ± 0.64 -1.96 ± 0.27 

4 5.97 ± 0.77 3.34 ± 0.88 0.22 ± 0.44 -2.09 ± 0.79 -1.77 ± 0.46 

5 15.61 ± 0.47 9.63 ± 0.93 12.26 ± 0.41 5.47 ± 0.86 11.24 ± 0.55 

6 7.52 ± 1.21 2.57 ± 1.28 0.72 ± 0.44 -0.13 ± 0.63 0.08 ± 1.23 

7* 10.45 ± 0.45 6.62 ± 0.33 3.00 ± 0.56 3.99 ± 0.42 5.37 ± 0.41 

Post Avg. 6.30 ± 7.00 4.84 ± 2.66 2.55 ± 4.53 1.47 ± 3.59 2.45 ± 4.76 

Uni. Avg. 7.76 ± 5.73 4.50 ± 3.44 2.90 ± 6.32 -0.12 ± 4.01 1.90 ± 6.30 

Bi. Avg. 4.35 ± 9.37 5.30 ± 1.73 2.10 ± 1.06 3.60 ± 1.64 3.19 ± 2.66 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi.: Bilateral 
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Table 32: Knee Extension Moment (Nm, mean ± std) - Difference 

Participant 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

1* 20.40 ± 2.03 11.02 ± 3.35 20.72 ± 1.05 9.59 ± 3.24 28.13 ± 4.80 

2* 0.64 ± 2.74 5.50 ± 3.31 15.94 ± 2.98 5.85 ± 2.23 7.87 ± 4.14 

3 5.50 ± 1.28 -0.52 ± 1.37 10.21 ± 2.85 1.89 ± 1.49 3.93 ± 2.01 

4 -2.93 ± 1.93 -1.93 ± 1.23 2.22 ± 1.59 0.27 ± 0.75 -2.04 ± 1.60 

5 6.07 ± 2.00 14.13 ± 1.17 10.38 ± 1.62 9.70 ± 2.33 8.09 ± 2.20 

6 4.90 ± 1.93 3.78 ± 2.99 -7.48 ± 3.60 1.70 ± 6.19 5.13 ± 3.93 

7* 7.26 ± 2.53 6.70 ± 8.14 3.54 ± 1.54 16.17 ± 3.47 10.71 ± 4.26 

Post Avg. 5.98 ± 7.29 5.53 ± 5.78 7.93 ± 9.38 6.45 ± 5.73 8.83 ± 9.43 

Uni. Avg. 3.39 ± 4.24 3.86 ± 7.26 3.83 ± 8.45 3.39 ± 4.27 3.78 ± 4.25 

Bi. Avg. 9.43 ± 10.06 7.74 ± 2.90 13.40 ± 8.87 10.54 ± 5.22 15.57 ± 10.97 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi.: Bilateral 

 

Table 33: Knee Abduction Moment (Nm, mean ± std) - Difference 

Participant 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

1* 6.15 ± 0.42 5.45 ± 1.19 5.93 ± 0.79 4.29 ± 1.28 4.25 ± 1.90 

2* -6.46 ± 2.84 -8.50 ± 1.50 -6.70 ± 1.90 -5.29 ± 2.43 -9.68 ± 1.45 

3 -4.02 ± 0.87 -4.41 ± 0.34 -2.95 ± 0.52 -2.79 ± 0.93 -3.89 ± 0.51 

4 -5.16 ± 0.74 -4.29 ± 0.33 -1.73 ± 0.24 -2.31 ± 0.30 -4.27 ± 0.41 

5 -0.13 ± 1.39 3.78 ± 1.28 2.50 ± 1.62 1.35 ± 0.70 1.06 ± 0.71 

6 0.19 ± 3.00 -0.87 ± 0.93 -5.60 ± 0.98 -1.12 ± 0.61 -1.65 ± 0.59 

7* 2.74 ± 2.35 8.21 ± 1.01 5.66 ± 1.39 5.73 ± 1.21 6.55 ± 1.06 

Post Avg. -0.96 ± 4.54 -0.09 ± 6.09 -0.41 ± 5.17 -0.02 ± 3.99 -1.09 ± 5.53 

Uni. Avg. -2.28 ± 2.71 -1.45 ± 3.85 -1.94 ± 3.38 -1.22 ± 1.85 -2.19 ± 2.45 

Bi. Avg. 0.81 ± 6.52 1.72 ± 8.96 1.63 ± 7.22 1.58 ± 5.99 0.37 ± 8.78 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi.: Bilateral 

 
Table 34: Knee Power (Nm/s, mean ± std) - Difference 

Participant 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

1* 89.50 ± 6.54 48.97 ± 13.14 85.89 ± 3.44 92.41 ± 11.87 88.02 ± 14.12 

2* -15.20 ± 11.44 27.34 ± 14.07 63.27 ± 14.84 23.45 ± 11.87 26.97 ± 10.77 

3 28.45 ± 3.81 2.29 ± 5.02 32.26 ± 10.93 1.55 ± 5.62 6.52 ± 6.91 

4 2.71 ± 6.59 0.89 ± 5.95 16.45 ± 4.49 6.80 ± 4.51 -3.42 ± 5.10 

5 25.76 ± 8.97 62.22 ± 7.79 46.38 ± 6.63 32.90 ± 8.79 21.41 ± 8.04 

6 30.78 ± 10.61 20.06 ± 15.47 -28.44 ± 15.52 7.91 ± 12.11 21.14 ± 14.06 

7* 19.42 ± 8.03 12.25 ± 15.56 5.78 ± 4.36 39.25 ± 6.28 22.05 ± 8.45 

Post Avg. 25.92 ± 32.52 24.86 ± 23.27 31.66 ± 38.01 29.18 ± 31.26 26.10 ± 29.30 

Uni. Avg. 21.93 ± 12.97 21.37 ± 28.60 16.66 ± 32.46 12.29 ± 14.02 11.41 ± 12.09 

Bi. Avg. 31.24 ± 53.34 29.52 ± 18.46 51.65 ± 41.30 51.70 ± 36.13 45.68 ± 36.75 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi.: Bilateral 

  



217 

 

 

 

 

Table 35: Sagittal Ankle ROM (°, mean ± std) - Difference 

Participant 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

1* -6.98 ± 1.1 -6.75 ± 2.12 -5.92 ± 1.94 -5.41 ± 2.38 -3.58 ± 1.58 

2* 19.5 ± 2.09 16.86 ± 3.21 8.36 ± 2.96 13.26 ± 1.39 12.37 ± 2.52 

3 17.21 ± 1.52 11.24 ± 1.97 0.1 ± 2.65 14.83 ± 1.34 6.2 ± 0.79 

4 13.81 ± 2.01 1.34 ± 1.89 -3.75 ± 1.88 8.25 ± 3.74 4.92 ± 3.0 

5 15.34 ± 12.3 36.12 ± 5.48 45.58 ± 5.06 23.67 ± 11.47 15.84 ± 4.85 

6 -12.69 ± 8.12 -1.2 ± 3.3 -11.23 ± 4.88 -6.52 ± 5.17 -5.99 ± 5.68 

7* -8.63 ± 4.84 -6.54 ± 3.51 0.7 ± 3.91 -0.05 ± 2.67 -4.99 ± 3.76 

Post Avg. 5.37 ± 14.06 7.3 ± 15.46 4.83 ± 18.97 6.86 ± 11.3 3.54 ± 8.68 

Uni. Avg. 8.42 ± 14.14 11.87 ± 17.03 7.68 ± 25.7 10.06 ± 12.73 5.24 ± 8.93 

Bi. Avg. 1.3 ± 15.79 1.19 ± 13.57 1.05 ± 7.15 2.6 ± 9.61 1.27 ± 9.64 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi.: Bilateral 

 

Table 36: Ankle Plantarflexion Moment (Nm, mean ± std) - Difference 

Participant 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

1* 8.66 ± 3.51 10.50 ± 1.92 4.63 ± 1.29 8.00 ± 3.20 2.61 ± 1.31 

2* -16.07 ± 4.29 -8.06 ± 2.64 -5.25 ± 4.36 -15.02 ± 2.04 -10.66 ± 2.14 

3 2.25 ± 1.43 0.47 ± 1.41 -0.78 ± 1.53 -2.33 ± 1.84 -2.61 ± 1.73 

4 -7.86 ± 1.56 -2.19 ± 1.28 3.35 ± 0.87 -5.93 ± 1.74 -6.91 ± 1.16 

5 -4.85 ± 1.20 -2.22 ± 2.76 -6.13 ± 4.58 -5.45 ± 2.72 -1.63 ± 0.73 

6 -2.00 ± 3.25 -0.15 ± 2.55 -10.37 ± 2.10 -0.47 ± 2.94 -0.90 ± 1.54 

7* 4.78 ± 0.90 5.67 ± 2.92 2.65 ± 0.90 5.00 ± 0.75 4.57 ± 2.35 

Post Avg. -2.16 ± 8.35 0.57 ± 5.99 -1.70 ± 5.67 -2.31 ± 7.61 -2.22 ± 5.24 

Uni. Avg. -3.12 ± 4.30 -1.02 ± 1.39 -3.48 ± 6.01 -3.55 ± 2.60 -3.01 ± 2.69 

Bi. Avg. -0.88 ± 13.30 2.70 ± 9.63 0.68 ± 5.23 -0.67 ± 12.51 -1.16 ± 8.29 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi.: Bilateral 

 

Table 37: Sagittal Hip ROM (°, mean ± std) - Difference 

Participant 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

1* -10.63 ± 1.02 -9.07 ± 1.1 -6.21 ± 0.64 -5.29 ± 1.31 -5.82 ± 0.95 

2* 2.51 ± 0.72 -1.37 ± 1.27 0.66 ± 0.55 -1.59 ± 1.34 0.96 ± 0.32 

3 4.58 ± 0.59 2.1 ± 0.82 3.54 ± 0.93 3.54 ± 0.99 4.95 ± 0.6 

4 -5.12 ± 1.65 -2.38 ± 1.68 -0.96 ± 1.11 -3.91 ± 0.89 -2.78 ± 0.99 

5 -26.47 ± 1.55 -27.09 ± 1.32 -37.88 ± 0.39 -26.83 ± 1.45 -30.23 ± 1.03 

6 -4.06 ± 1.67 -1.31 ± 2.23 2.07 ± 1.92 3.0 ± 1.16 3.03 ± 1.83 

7* -3.53 ± 1.38 0.19 ± 1.1 0.45 ± 1.16 2.56 ± 0.86 2.26 ± 0.78 

Post Avg. -6.1 ± 10.29 -5.56 ± 10.11 -5.48 ± 14.62 -4.07 ± 10.63 -3.95 ± 12.15 

Uni. Avg. -7.77 ± 13.2 -7.17 ± 13.42 -8.31 ± 19.81 -6.05 ± 14.26 -6.26 ± 16.32 

Bi. Avg. -3.88 ± 6.58 -3.42 ± 4.96 -1.7 ± 3.9 -1.44 ± 3.93 -0.87 ± 4.34 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi.: Bilateral 
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Table 38: Hip Extension Moment (Nm, mean ± std) - Difference 

Participant 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

C4 

(155/155) 

C5 

(140/140) 

1* 21.06 ± 6.22 9.91 ± 2.40 13.94 ± 2.04 19.74 ± 3.96 3.96 ± 3.02 

2* 1.59 ± 4.21 -6.33 ± 3.81 18.99 ± 4.54 -3.53 ± 3.78 12.92 ± 2.13 

3 26.62 ± 2.73 5.09 ± 3.49 12.30 ± 2.81 -6.16 ± 1.65 8.87 ± 2.52 

4 0.05 ± 0.93 5.26 ± 1.45 25.81 ± 1.97 2.09 ± 0.98 -2.60 ± 0.99 

5 -11.28 ± 3.45 11.01 ± 2.17 3.47 ± 1.73 -3.16 ± 1.90 -5.31 ± 1.68 

6 8.32 ± 4.47 -1.04 ± 4.33 -32.62 ± 3.27 2.44 ± 3.43 -2.59 ± 3.00 

7* 5.04 ± 2.57 9.18 ± 2.93 1.43 ± 2.70 11.23 ± 3.56 2.88 ± 6.11 

Post Avg. 7.34 ± 12.90 4.73 ± 6.35 6.19 ± 19.07 3.24 ± 9.25 2.59 ± 6.64 

Uni. Avg. 5.93 ± 15.96 5.08 ± 4.92 2.24 ± 24.99 -1.20 ± 4.18 -0.41 ± 6.32 

Bi. Avg. 9.23 ± 10.39 4.25 ± 9.17 11.45 ± 9.04 9.15 ± 11.77 6.59 ± 5.51 
*: Indicates bilateral TKA participant, Avg.: Average, Uni.: Unilateral, Bi.: Bilateral 

 

Table 39: Replaced Knee Total Contact Force (N, mean ± std) 

Participant 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

1* 1398.33 ± 70.33 1309.88 ± 75.04 1507.76 ± 22.63 

2* 787.27 ± 75.47 782.03 ± 51.69 1162.64 ± 106.29 

3 825.59 ± 47.23 1105.43 ± 43.67 983.95 ± 26.41 

4 966.77 ± 167.71 990.11 ± 99.38 1118.90 ± 125.75 

5 412.98 ± 11.99 479.76 ± 39.92 665.76 ± 9.90 

6 772.85 ± 77.34 724.00 ± 254.77 929.67 ± 83.15 

7* 661.31 ± 31.52 661.73 ± 60.66 885.32 ± 78.40 

Average 830.99 ± 301.94 857.75 ± 282.16 1036.28 ± 264.34 
*: Indicates bilateral TKA participant 

 

Table 40: Replaced Knee Medial Compartment Contact Force (N, mean ± std) 

Participant 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

1* 749.55 ± 68.22 600.77 ± 32.49 757.98 ± 8.18 

2* 356.84 ± 55.10 417.26 ± 37.00 550.92 ± 78.91 

3 311.16 ± 16.97 464.24 ± 29.55 397.19 ± 21.70 

4 620.92 ± 103.39 636.06 ± 43.63 619.63 ± 71.43 

5 134.66 ± 4.96 156.00 ± 11.55 239.18 ± 18.40 

6 372.10 ± 67.05 394.46 ± 159.14 415.23 ± 43.91 

7* 499.53 ± 30.74 481.30 ± 24.17 537.59 ± 48.05 

Average 432.71 ± 203.15 447.01 ± 153.66 502.53 ± 168.63 
*: Indicates bilateral TKA participant 
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Table 41: Replaced Knee Lateral Compartment Contact Force (N, mean ± std) 

Participant 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

1* 704.45 ± 45.23 752.74 ± 61.09 775.22 ± 39.17 

2* 443.13 ± 25.77 371.68 ± 21.87 611.72 ± 31.11 

3 523.94 ± 39.09 642.89 ± 21.32 589.68 ± 18.92 

4 384.14 ± 64.93 436.91 ± 36.15 542.16 ± 56.76 

5 322.00 ± 13.25 342.28 ± 33.74 459.81 ± 13.79 

6 418.80 ± 49.13 355.44 ± 113.45 523.04 ± 48.19 

7* 243.02 ± 19.91 252.79 ± 49.14 360.87 ± 31.96 

Average 434.20 ± 148.92 446.81 ± 180.72 551.79 ± 129.60 
*: Indicates bilateral TKA participant 

 

Table 42: Peak Quadriceps Muscle Force (N, mean ± std) 

Participant 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

1* 1586.72 ± 60.93 1693.96 ± 34.46 2121.62 ± 38.23 

2* 967.51 ± 136.28 774.17 ± 68.21 604.97 ± 73.74 

3 909.76 ± 49.40 1230.78 ± 129.08 991.18 ± 34.71 

4 957.72 ± 167.05 954.92 ± 109.50 1247.68 ± 74.54 

5 659.42 ± 72.77 660.68 ± 20.72 885.15 ± 56.61 

6 833.98 ± 127.23 687.33 ± 237.61 965.14 ± 148.93 

7* 610.06 ± 46.76 597.74 ± 61.15 897.40 ± 67.18 

Average 932.17 ± 321.10 942.80 ± 395.74 1101.88 ± 487.82 
*: Indicates bilateral TKA participant 

 

Table 43: Peak Hamstrings Muscle Force (N, mean ± std) 

Participant 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

1* 278.71 ± 43.42 315.27 ± 39.94 261.15 ± 17.04 

2* 380.49 ± 21.93 421.22 ± 53.86 766.42 ± 20.32 

3 221.58 ± 26.01 243.10 ± 29.54 319.84 ± 32.24 

4 342.64 ± 48.32 415.54 ± 36.33 376.08 ± 31.18 

5 190.90 ± 19.88 306.54 ± 10.47 366.42 ± 27.17 

6 293.89 ± 67.16 301.36 ± 101.91 217.67 ± 23.39 

7* 311.76 ± 52.56 244.01 ± 99.23 166.96 ± 9.16 

Average 288.57 ± 65.91 321.00 ± 72.58 353.50 ± 197.52 
*: Indicates bilateral TKA participant 

 

Table 44: Peak Gastrocnemius Muscle Force (N, mean ± std) 

Participant 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

1* 343.32 ± 48.21 335.48 ± 24.78 323.84 ± 45.61 

2* 474.09 ± 93.09 415.51 ± 26.61 570.57 ± 39.54 

3 68.12 ± 8.76 77.77 ± 9.86 222.44 ± 18.84 

4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

5 12.19 ± 1.41 14.50 ± 2.25 17.35 ± 2.94 

6 90.84 ± 17.36 130.04 ± 37.55 102.79 ± 14.68 

7* 360.47 ± 33.22 299.69 ± 32.00 401.69 ± 21.88 

Average 192.72 ± 193.92 181.86 ± 166.67 234.10 ± 211.55 
*: Indicates bilateral TKA participant 
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Table 45: Peak Rectus Femoris Muscle Force (N, mean ± std) 

Participant 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

1* 243.11 ± 66.72 286.03 ± 26.85 207.51 ± 12.30 

2* 255.07 ± 51.30 174.59 ± 28.87 48.77 ± 8.05 

3 234.83 ± 26.56 244.51 ± 30.14 117.86 ± 12.79 

4 135.25 ± 24.06 100.22 ± 15.96 205.62 ± 31.77 

5 328.26 ± 4.30 328.57 ± 21.82 387.52 ± 18.92 

6 203.60 ± 34.13 142.04 ± 54.77 146.40 ± 35.30 

7* 134.71 ± 21.66 118.91 ± 19.86 217.61 ± 22.61 

Average 219.26 ± 68.83 199.27 ± 87.98 190.19 ± 105.97 
*: Indicates bilateral TKA participant 

 

Table 46: Peak Semitendinosus Muscle Force (N, mean ± std) 

Participant 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

1* 23.28 ± 3.47 26.15 ± 1.94 23.15 ± 2.70 

2* 35.33 ± 2.69 39.53 ± 4.79 72.61 ± 6.04 

3 8.46 ± 2.33 5.52 ± 0.02 12.88 ± 5.41 

4 20.15 ± 3.07 18.40 ± 1.52 27.77 ± 1.19 

5 5.62 ± 0.01 5.90 ± 0.39 8.80 ± 5.68 

6 11.66 ± 4.89 6.99 ± 1.73 10.57 ± 2.62 

7* 15.94 ± 4.76 17.58 ± 7.74 5.90 ± 0.43 

Average 17.21 ± 10.14 17.15 ± 12.57 23.10 ± 23.22 
*: Indicates bilateral TKA participant 

 

Table 47: Peak Medial Gastrocnemius Muscle Force (N, mean ± std) 

Participant 
C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

1* 278.23 ± 45.59 273.24 ± 21.15 250.15 ± 31.40 

2* 386.22 ± 75.67 339.74 ± 21.75 463.77 ± 32.55 

3 52.43 ± 7.31 61.71 ± 8.18 178.28 ± 15.43 

4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

5 7.71 ± 0.99 9.33 ± 1.60 11.95 ± 2.66 

6 73.85 ± 16.99 104.53 ± 31.23 82.73 ± 12.25 

7* 294.93 ± 27.42 245.01 ± 26.43 327.72 ± 18.25 

Average 156.20 ± 158.66 147.65 ± 136.83 187.80 ± 171.73 
*: Indicates bilateral TKA participant 

 

Table 48: Peak Tibialis Anterior Muscle Force (N, mean ± std) 

Participant C1 

(140/170) 

C2 

(155/170) 

C3 

(170/170) 

1* 79.03 ± 6.13 79.85 ± 4.49 77.71 ± 7.52 

2* 4.59 ± 0.22 4.93 ± 0.37 6.22 ± 0.65 

3 5.62 ± 0.17 4.60 ± 0.19 8.48 ± 1.68 

4 152.47 ± 2.30 159.83 ± 3.34 155.90 ± 1.74 

5 7.48 ± 0.39 8.30 ± 0.29 8.00 ± 0.60 

6 84.56 ± 23.69 123.73 ± 27.11 62.05 ± 10.68 

7* 94.56 ± 12.81 65.34 ± 29.01 60.32 ± 8.20 

Average 61.19 ± 56.99 63.80 ± 62.08 54.10 ± 54.04 
*: Indicates bilateral TKA participant 
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Appendix B: Figures 

 

 
Figure 1: Data collection setup of ergometer, motion capture, and participant 

 

 

 

 

 

 
Figure 2: Ensemble curves for sagittal knee joint angle across all conditions. C1: 140/170, C2: 155/170, C3: 

170/170, C4: 155/155, C5: 140/140 
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Figure 3: Ensemble curves for sagittal hip joint angle across all conditions. C1: 140/170, C2: 155/170, C3: 170/170, 

C4: 155/155, C5: 140/140 

 

 

 

 

 

 

 

 
Figure 4: Ensemble curves for sagittal ankle joint angle across all conditions. C1: 140/170, C2: 155/170, C3: 

170/170, C4: 155/155, C5: 140/140 

 

 

 

 

 

 



223 

 

 

 

 

 
Figure 5: Ensemble curves comparing sagittal knee joint angle between unilateral and bilateral participants for the 

recently replaced limb’s knee joint angle across all conditions. C1: 140/170, C2: 155/170, C3: 170/170, C4: 

155/155, C5: 140/140 

 

 
Figure 6: Ensemble curves comparing sagittal knee joint moment between unilateral and bilateral participants for the 

recently replaced limb’s knee joint angle across all conditions. C1: 140/170, C2: 155/170, C3: 170/170, C4: 

155/155, C5: 140/140 
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Figure 7: Experimental EMG and OpenSim activation levels for the semitendinosus during cycling. C1: 140/170, 

C2: 155/170, C3: 170/170 
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Figure 4: Double burst electromyography pattern of selected musculature, Suzuki [150] 

 

 

 

 
Figure 5: Bicycle crank diagram reference system, adapted from Coyle [334] 
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Figure 6: Fiber length relationship at varying joint positions, Chen and Franklin [223] 
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228 

 

 

 

 

Appendix D: Informed Consent Form 

 

Consent for Research Participation 

Research Study Title: Asymmetric Crank Arm Lengths as an Early Rehabilitation Tool during 

Cycling in the Lower Limbs of Knee OA and TKA Populations 

Researcher(s):  Walter Menke, University of Tennessee, Knoxville 

 Dr. Songning Zhang, University of Tennessee, Knoxville   

 
 

Why am I being asked to be in this research study? 

We are asking you to be in this research study because you have met all the inclusion and 

exclusion criteria and we believe that you would be a good candidate for the study.  

What is this research study about? 
The purpose of the study is to identify lower limb kinematics, kinetics, and muscle activity during 

stationary cycling on cycle ergometry with asymmetric changes of crank arm lengths in patients with 

TKA during early-stage rehabilitation.  

Who is conducting this research study? 

The research team at the University of Tennessee, Knoxville Biomechanics Laboratory is 

conducting this study with the Principal Investigator Songning Zhang, PhD along with co-

investigators Walter Menke, MS, and Sean Brown, MS. They are receiving no external funding 

for this research study. 

How long will I be in the research study? 

If you agree to participate in this study, you will be involved with 1 study visit. The testing 

session will last approximately 1.5-2 hours 

What will happen if I say “Yes, I want to be in this research study”?  

If you agree to be in this study, we will ask you to do the following:    

• Participate in 2 visits to our lab. One will occur 1 month before your surgery and the next 

will occur 1-2 months after your surgery.  

• All participation will take place in our lab in the HPER building. 

• During your first test session: complete a physical readiness questionnaire (PARQ+) to 

ensure your safety for exercise as well as provide the research team with basic 

demographic information. 

• During both test sessions: complete a survey concerning your replaced knee (Knee Injury 

and Osteoarthritis Outcome Score) as well as the Tampa Scale of Kinesiophobia (TSK) 

that assesses your mental relationship with movement and your knee. 

• On both testing days, you will be asked to the do the following: 

o Change into appropriate athletic attire (shorts, t-shirt) either owned by you or 

provided by the lab. 
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o Complete a brief 3 minute warm up of walking. 

o Complete three separate 3-meter time up-and-go tests. 

o Complete a passive knee range of motion assessment as well as have the 

circumference of your knees measured. 

o Be fitted with retroreflective markers and electromyography sensors. The sensors 

are small boxes that will be taped to your skin and pose no risk. Your skin will be 

shaved and abraded, followed by an alcohol wipe to clean, and prepare the skin 

for sensors. 

o Complete 5 separate two-minute cycling trials on a stationary cycle ergometer 

with rest provided in between. 

o Complete 5 separate walking trials at your own preferred walking pace. 

o Complete questionnaires on how hard the activities were and how much pain you 

had during the trials. 

What happens if I say “No, I do not want to be in this research study”? 

Being in this study is up to you.  You can say no now or leave the study later.  If at any time you 

decide to leave the study, your relationship with UT and the researchers will not be impacted.  

What happens if I say “Yes” but change my mind later? 

Even if you decide to be in the study now, you can change your mind and stop at any time.  

If you decide to stop before the study is completed, no negative consequences will occur to you. 

Any information we have collected so far will be destroyed and not used in the study.  

Are there any possible risks to me? 

There is minimal risk in this study. The duration and intensity of exercise are kept at a mild to 

moderate level. We will ensure you pass the PARQ form, which will help ensure you are safe to 

exercise. Both walking and cycling pose minimal risk to you during exercise. The researchers in 

this study are certified in first aid, CPR, and AED. Other people could potentially see you or find 

out about your participation in the study. We have procedures in place to minimize this risk such 

as locking all personal information in a locked cabinet. All information will be stored with no 

identifying information and will be kept using a subject code. All documents will be kept in a 

locked cabinet and only the investigator will have access to them.  

Are there any benefits to being in this research study? 

There is a possibility that you may benefit from being in the study, but there is no guarantee that 

will happen.  Possible benefits include physical benefits that come from training. You may also 

have a reduced asymmetry between your operated and non-operated leg, which could be 

beneficial in the long-term. Being in a training protocol may lead to increased overall health as 

well. Even if you don’t benefit from being in the study, your participation may help us to learn 

more about how cycling with feedback can be beneficial for people following a total knee 

replacement.  We hope the knowledge gained from this study will benefit others in the future. 

You will also be compensated for your time during this study, which will be detailed in “Will I 
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be paid for being in this research study”. However, parking at the University of Tennessee will 

be provided at no cost to you. 

Who can see or use the information collected for this research study? 

We will protect the confidentiality of your information by deidentifying the data such that only a 

subject number will be assigned to it. If information from this study is published or presented at 

scientific meetings, your name and other personal information will not be used. 

We will make every effort to prevent anyone who is not on the research team from knowing that 

you gave us information or what information came from you.  Although it is unlikely, there are 

times when others may need to see the information we collect about you.  These include: 

• Government agencies (such as the Office for Human Research Protections in the U.S. 

Department of Health and Human Services), and others responsible for watching over the 

safety, effectiveness, and conduct of the research.  

• If a law or court requires us to share the information, we would have to follow that law or 

final court ruling. 

• The Tennessee Orthopedic Clinic (TOC) who will be our site for recruitment.  

What will happen to my information after this study is over? 

We will not keep your information to use for future research, presentations, and/or publications. 

Your name and other information that can directly identify you will be deleted from your 

research data collected as part of the study. 

We may share your research data with other researchers without asking for your consent again, 

but it will not contain information that could directly identify you. 

Will I be paid for being in this research study? 

You will be compensated with a $150 gift card upon full completion of the study testing dates. 

You will not be compensated for partial study completion. Full study completion is defined as 

completion of both testing dates in their entirety. 

Will it cost me anything to be in this research study? 

It will not cost you anything to participate in this study. All costs will be taken care of by the 

researchers.  

What else do I need to know? 

We use procedures to lower the possibility of these risks happening.  Even so, you may still 

experience problems or injury, even when we are careful to avoid them.  Please tell the 

researcher in charge, Walter Menke (wmenke@vols.utk.edu) about any injuries or other 

problems that you have during this study. 

The University of Tennessee does not automatically pay for medical claims or give other 

compensation for injuries or other problems.   

Who can answer my questions about this research study? 

mailto:wmenke@vols.utk.edu
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If you have questions or concerns about this study, or have experienced a research related 

problem or injury, contact the researchers, Walter Menke (wmenke@vols.utk.edu) or over the 

phone at (865-974-4716). You may also contact my faculty advisor, Dr. Songning Zhang via 

email at szhang@utk.edu  

 

 

For questions or concerns about your rights or to speak with someone other than the research 

team about the study, please contact:  

Institutional Review Board 

The University of Tennessee, Knoxville 

2240 Sutherland Ave, Suite 2 

Knoxville, TN 37919 

Phone: 865-974-7697 

Email: utkirb@utk.edu 

STATEMENT OF CONSENT 

I have read this form and the research study has been explained to me.  I have been given the 

chance to ask questions and my questions have been answered.  If I have more questions, I have 

been told who to contact.  By signing this document, I am agreeing to be in this study.  I will 

receive a copy of this document after I sign it. 

 

      

Name of Adult Participant Signature of Adult Participant      Date 

 

Researcher Signature (to be completed at time of informed consent) 

I have explained the study to the participant and answered all of his/her questions. I believe that 

he/she understands the information described in this consent form and freely consents to be in 

the study. 

 

      

Name of Research Team Member Signature of Research Team Member      Date 

 

 

 

 

 

 

  

mailto:wmenke@vols.utk.edu
mailto:szhang@utk.edu
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Appendix E: Patient Info Sheet 

 

Asymmetric Crank Length Study Opportunity 

Researchers at the University of Tennessee Knoxville are conducting a study that involves 

individuals who have recently received a total knee replacement (TKA) from Dr. Harold Cates at 

Tennessee Orthopaedic Clinics. The goal of the study is to investigate if creating asymmetric 

crank length conditions during stationary cycling is beneficial for early stage TKA recipients in 

their rehabilitation procedure. 

If you agree to be in this study, we will ask you to do the following: 

• Participate in no more than 2 visits to our lab (1.5-2 hours each) in the range of 1 month 

before AND/OR 1-2 months after your surgery.  

• All participation will take place in our lab in the HPER building on UT Knoxville 

campus. 

• During a pre-TKA test session: complete a physical readiness questionnaire (PARQ+) to 

ensure your safety for exercise as well as provide the research team with basic 

demographic information. 

• During a post-TKA test session: complete a survey concerning your replaced knee (Knee 

Injury and Osteoarthritis Outcome Score) as well as the Tampa Scale of Kinesiophobia 

(TSK) that assesses your mental relationship with movement and your knee. 

• At either test session , you will be asked to the do the following: 

o Change into appropriate athletic attire (shorts, t-shirt) either owned by you or 

provided by the lab. 

o Complete a brief 3 minute warm up of walking. 

o Complete three separate 3-meter time up-and-go tests. 

o Complete a passive knee range of motion assessment as well as have the 

circumference of your knees measured. 

o Be fitted with retroreflective markers and electromyography sensors. The sensors 

are small boxes that will be taped to your skin and pose no risk. Your skin will be 

shaved and abraded, followed by an alcohol wipe to clean, and prepare the skin 

for sensors. 

o Complete 5 separate two-minute cycling trials on a stationary cycle ergometer 

with rest provided in between. 

o Complete 5 separate walking trials at your own preferred walking pace. 

o Complete questionnaires on how hard the activities were and how much pain you 

had during the trials. 

• You will be compensated with a gift card of $60 for completing a pre-TKA session, and a 

$90 gift card for completing a post-TKA session. If you attend both testing sessions, you 

will receive a total of $150  
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Any questions not answerable by Dr. Harold Cates or Dr. Katie Stevens may be directed to either 

Walter Menke (wmenke@vols.utk.edu) or Dr. Songning Zhang (szhang@utk.edu).  

Inclusion Criteria  

• Ages: 50-75 

• Willingness to attend either or both testing sessions: 

o One occurring no more than 1 month prior to arthroplasty 

o One occurring 1-2 months after arthroplasty 

• Pre-surgery session: knee flexion range of motion (ROM) of at least 85˚ 

• Post-surgery session: knee flexion range of motion (ROM) of at least 100˚ 

• Male or Female 

• Demonstrated asymmetry in their lower limbs as measured by passive knee flexion ROM in clinic 

with a goniometer 

o And/or flexion/extension contracture of involved side pre-surgery 

• OPTIONAL: Use of assistive device for walking/daily activities for operational side pre-surgery 

Exclusion Criteria 

• Diagnosed osteoarthritis of ankles, hips, or spine 

• No contralateral TKA within 4 months of study participation date 

• BMI value greater than 40  

• Neurological conditions that prevent the patients from cycling or walking without aids 

o Inability to maintain upright posture during cycling (as in, hip hiking or compensation 

during pedaling) 

• Pregnant or Nursing Women 

• Cardiovascular Disease 

• Presence of partial or total limb amputation 

 

 

  

mailto:wmenke@vols.utk.edu
mailto:szhang@utk.edu
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Appendix F: Patient Health Information Release Form 
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Appendix G: Physical Activity Readiness Questionnaire 
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Appendix H: Knee Injury and Osteoarthritis Outcome Score Survey 
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Appendix I: Tampa Scale of Kinesiophobia 
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Vita 

 Walt Menke was born in small-town Piner, Kentucky to Henry and Sharon Menke. Walt 

graduated from Covington Catholic High School in 2015 before starting college adventures at 

the University of Kentucky. After realizing he wasn’t interested in accounting, he shifted his 

degree to kinesiology with a goal for physical therapy. Upon discovering that he was interested 

in the theory and development of rehabilitation protocols instead of applying them in the clinic, 

he decided to stay at UK to complete an MS degree in Biomechanics. At UK, he primarily 

studied femoroacetabular impingement with some side work on body armor fatigue effects. 

Given his interest in teaching, he applied for PhD programs in biomechanics and landed himself 

at the University of Tennessee, Knoxville. 

 At UT, Walt managed to get entangled in horse, pig, and insole biomechanics as side 

projects while trying to focus primarily on patients with total knee replacements. After 4 and 

some change years, Walt has emerged with an MS in Statistics as well as a PhD in Kinesiology 

& Sport Studies with a Biomechanics specialization. Along with these pieces of flimsy paper, he 

has gained much more coding and IT experience than he could have bargained for. Despite his 

love for teaching, he will reserve that for retirement and transition out of academia into the world 

of data analytics and data science where he can sit (mostly) in silence behind a computer screen.  

  

 


