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INTRODUCTION 

When performing high knee flexion movements (>120º), the 

thigh and calf (as well as heel and gluteal region in flexible 

individuals) come into contact and transmit force between 

segments [1-3]. The effect of this force transfer on net external 

knee joint forces and moments has been assessed in the saggital 

plane [3,4] and in a model where some components were 3D 

[2], but sagittal plane thigh-calf (TC) centre of force (CoF) 

location was used and assumptions made on the orientation of 

the 2D force vector. Therefore, the purpose of this study was to 

quantify the effect on external forces and moments acting at the 

knee joint by incorperating the 3D location and orientation of 

TC and heel-glute (HG) force. 
 

METHODS  

Sixteen participants completed five repetitions of six high-

flexion movements: heels-up squat (HS), flatfoot squat (FS), 

dorsiflexed kneel (DK), plantarflexed kneel (PK), dorsiflexed 

unilateral kneel (DU), and plantarflexed unilateral kneel (PU). 

TC and HG contact was measured at 100 Hz using a pressure 

sensor (3005E, Tekscan Inc., MA, USA) which was fixed to a 

4 mm thick 23 x 19 cm Lexan sheet and positioned against the 

popliteal fossa during movements. Kinematics of the Lexan 

sheet, pelvis, thigh, shank, and foot were measured at 100 Hz 

using an optoelectronic system (Optotrak, NDI, ON, Canada). 

Ground reaction forces on the foot and shank (during kneeling 

movements) were measured at 2100 Hz from two embedded 

force plates (OR6-7, AMTI, MA, USA). Kinematic and kinetic 

processing was completed using Matlab 9.2 (The Mathworks, 

MA, USA). Inverse dynamics were calculated with and without 
TC and HG force to determine the change in magnitude. All 

external forces and moments were normalized to a percentage 

of body weight (%BW) or percentage of body weight times 

height (%BW * Ht) respectively. Kinetics are reported locally 

with respect to the proximal end of the tibia at maximum knee 

flexion angle during descent from standing in each movement. 

A total of 36 paired-sample t-tests were completed, therefore, 

our significance criterion was adjusted to 𝛼 = 0.0014.  
 

RESULTS 

Three-dimensional forces and moments without TC and HG 

inclusion are reported in Table 1.  Columns signified with (∆) 

were calculated as the original value (without TC or HG 

contact) minus the value from including TC and HG contact. 

Significant reductions occurred in tibial posterior force and 

flexion moment (p < 0.001) across all movements when 

including TC and HG forces. Similarly, in DK (p = 0.001) and 

DU (p < 0.001) there was a significant change in medial-lateral 

force which presented as increases to the ab/adduction moment.   
 

DISCUSSION / CONCLUSIONS 

During high knee flexion movements, there is a significant 

reduction in AP forces (~50%) and F/E moments (~27%) as a 

result of considering contact between lower limb segments. 

Novel to this study is the ability to account for the 3D force 

vector and CoF location of TC and HG by tracking the motion 

of the pressure mat. This methodology allowed for the 

calculation of the effect on frontal plane moments. There was a 

significant increase in the Ab/Ad moment (~60% in DK and 

DU) which is a known risk factor for knee osteoarthritis 

development [4]. These results will improve the biofidelity of 

future high flexion musculoskeletal models of the knee. Future 

work is required to determine if findings from this young and 

healthy population translates to occupational or individuals that 

habitually kneel. 
 

REFERENCES 

[1] Kingston DC and Acker SM. (2018). J Biomech Vol 67; p. 

46-54. 

[2] Pollard JP et al. (2011). J App Biomech Vol 27; p. 233-241. 

[3] Zelle J et al. (2007). Clin Biomech Vol 22; p. 821-826.  

[4] Nagura T et al. (2002). J Orthop Res Vol 20; p. 881-886. 
 

FUNDING 

S. Acker is funded through an NSERC Discovery Grant 

#418647 and D. Kingston is supported by an Ontario Graduate 

Scholarship.

 

Table 1: Mean forces and moments (± 1 SD) at peak knee flexion angle across participants for high flexion movements. AP is anterior 

(+)/posterior (-), Axial is along the long axis of the tibia with tension (+)/compression (-), ML is medial (-)/lateral (+), Ab/Ad is abduction (-)/ 

adduction (+), Int/Ex is internal (+)/external (-) rotation, and F/E is flexion (-)/extension (+). Residuals after incorporating TC and HG forces 

are indicated with a ∆. Significant changes are bolded with * (p = 0.001) and † (p < 0.001). 

 

 Force (%BW) Moment (%BW * Ht) 

Movement AP ∆ AP Axial ∆ Axial ML ∆ ML Ab/Ad ∆ Ab/Ad Int/Ex ∆ Int/Ext F/E ∆ F/E 

HS -54.4 ± 13.4 -30.7† 4.7 ± 22.7 1.9 11.8 ± 8.4 -0.9 -2.1 ± 1.3 0 0.1 ± 0.3 -0.2† -9.3 ± 2.9 -2.8† 

FS -49.9 ± 13.9 -20.3† 4.1 ± 24.4 -0.1 19.9 ± 8.8 2.1 -3.6 ± 1.8 -0.1 0 ± 0.4 0 -8.3 ± 2.7 -1.8† 

DK -59.8 ± 15.4 -30.6† 2.1 ± 18.5 0.6 2.8 ± 13.7 -7.8* -0.5 ± 2.5 0.8* 0.1 ± 0.4 0 -10.6 ± 3.1 -2.8† 

PK -54.4 ± 16.8 -17.7† 6.5 ± 23.5 1.4 2.3 ± 10.2 -6.2 -0.4 ± 1.7 0.6 0.2 ± 0.2 -0.1 -8.7 ± 2.9 -1.7† 

DU -59.3 ± 16.6 -40.5† 6.2 ± 24.6 4.1 2 ± 8 -6.2† -0.4 ± 1.4 0.6† 0.2 ± 0.3 0.3 -10 ± 3.4 -3.3† 

PU -55.3 ± 15.7 -26.5† -1.7 ± 21.7 2.7† 6.6 ± 5.8 -2.1 -1.1 ± 0.9 0.2 0 ± 0.3 0 -7.4 ± 2.6 -2.3† 


