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Systematic Review
[bookmark: _GoBack]We surveyed the different approaches to specifying, or creating, the boundary conditions used when predicting the stress state of an isolated femur. The survey comprised of a literature search with Scopus, Web of Science, and PubMed for studies published between 1987 and 31/05/2023. The following keywords were used: “finite element” OR “numerical” OR “in silico” AND “boundary condition*” OR “constraint*” AND “femur” to search within the abstract, keywords, and the title of the documents. A total of 719 results were returned with 294 duplicates. The 425 unique results were screened for titles and abstracts by two of the co-authors (EEA and AYB), and 85 full-text studies were assessed for eligibility.
Inclusion criteria were as follows: full text available in English, study specimen is a human femur, and finite element model is a full-length femur. Exclusion criteria were as follows: study specimen is not a human femur, studies that are not published in English, the test specimen is a proximal or distal half-femur, and the study is a conference paper. Forty-two articles met the inclusion criteria and were included in the rapid review. The PRISMA diagram and study details are presented in Table S1 and Fig. S1.

Table S1. Summary of the review showing the loads (muscle forces and joint contact forces) and boundary conditions applied to the finite element studies. *PF = patellofemoral
	Boundary condition
	Study
	Muscle forces
	Joint contact forces

	
	
	None
	Simplified
	Complex
	Hip
	Knee
	PF

	Inertia relief
	Heyland, et al. [1]
	
	
	
	
	
	

	Fixed knee
	Ferré, et al. [2]
	
	
	
	
	
	

	
	Speirs, et al. [3]
	
	
	
	
	
	

	
	Gang, et al. [4]
	
	
	
	
	
	

	
	Bayoglu and Okyar [5]
	
	
	
	
	
	

	
	Gok and Inal [6]
	
	
	
	
	
	

	
	Heyland, et al. [1]
	
	
	
	
	
	

	
	Zhou, et al. [7]
	
	
	
	
	
	

	
	Celik, et al. [8]
	
	
	
	
	
	

	
	Gok, et al. [9]
	
	
	
	
	
	

	
	Abdullah, et al. [10]
	
	
	
	
	
	

	
	Gok, et al. [11]
	
	
	
	
	
	

	
	Chen and Mao [12]
	
	
	
	
	
	

	
	Chethan, et al. [13]
	
	
	
	
	
	

	
	Inal, et al. [14]
	
	
	
	
	
	

	
	Gok, et al. [15]
	
	
	
	
	
	

	
	Kluess, et al. [16]
	
	
	
	
	
	

	
	Gok, et al. [17]
	
	
	
	
	
	

	
	Rose [18]
	
	
	
	
	
	

	
	Rathor, et al. [19]
	
	
	
	
	
	

	
	Kumar, et al. [20]
	
	
	
	
	
	

	
	Altai, et al. [21]
	
	
	
	
	
	

	
	Gee, et al. [22]
	
	
	
	
	
	

	
	Joshi, et al. [23]
	
	
	
	
	
	

	
	Fritz, et al. [24]
	
	
	
	
	
	

	
	Heller [25]
	
	
	
	
	
	

	Springs
	Phillips [26]
	
	
	
	
	
	

	
	Frydrysek, et al. [27]
	
	
	
	
	
	

	Isostatic
	Speirs, et al. [3]
	
	
	
	
	
	

	
	Andreaus and Colloca [28]
	
	
	
	
	
	

	
	Behrens, et al. [29]
	
	
	
	
	
	

	
	Lerch, et al. [30]
	
	
	
	
	
	

	
	Bah, et al. [31]
	
	
	
	
	
	

	
	Bayoglu and Okyar [5]
	
	
	
	
	
	

	
	Heyland, et al. [1]
	
	
	
	
	
	

	
	Haider, et al. [32]
	
	
	
	
	
	

	
	Reina-Romo, et al. [33]
	
	
	
	
	
	

	
	Heyland, et al. [34]
	
	
	
	
	
	

	
	Altai, et al. [21]
	
	
	
	
	
	

	
	Jitprapaikulsarn, et al. [35]
	
	
	
	
	
	

	
	Heller [25]
	
	
	
	
	
	

	
	Jitprapaikulsarn, et al. [36]
	
	
	
	
	
	

	Mid-shaft
	Speirs, et al. [3]
	
	
	
	
	
	

	
	Szwedowski, et al. [37]
	
	
	
	
	
	

	
	Abdullah, et al. [10]
	
	
	
	
	
	

	
	Reina-Romo, et al. [33]
	
	
	
	
	
	

	Other
	Phillips [26]
	
	
	
	
	
	

	
	Gok, et al. [9]
	
	
	
	
	
	

	
	Reina-Romo, et al. [33]
	
	
	
	
	
	

	
	Nithin Kumar, et al. [38]
	
	
	
	
	
	

	
	Nolte and Bull [39]
	
	
	
	
	
	

	
	Wei, et al. [40]
	
	
	
	
	
	

	
	Oza, et al. [41]
	
	
	
	
	
	

	
	Inacio, et al. [42]
	
	
	
	
	
	



[image: ]
Fig. S1. Systematic search strategy results.



Neuromusculoskeletal modelling
Table S2 shows the mapping of 12 muscle excitations across 23 MTUs, which were utilized for the subsequent execution of CEINMS in EMG-assisted mode.

	Experimental EMG
	MTU distributions

	Biceps femoris long head
	bflh_r, bfsh_r, addbrev_r, addlong_r, addmagDist_r, addmagIsch_r, addmagMid_r, addmagProx_r

	Gastrocnemius lateralis
	gaslat_r, gasmed_r, 

	Gluteus maximus
	glmax1_r, glmax2_r, glmax3_r, piri_r, glmin1_r, glmin2_r, glmin_3

	Gluteus medius
	glmed1_r, glmed2_r, glmed3_r, glmin1_r, glmin2_r, glmin_3, tibpost_r, piri_r

	Gracilis
	grac_r

	Rectus femoris
	recfem_r, iliacus_r, perbrev_r, perlong_r, psoas_r

	Sartorius
	sart_r, ehl_r

	Semitendinosus
	semiten_r, semimem_r, edl_r 

	Tensor fasciae latae
	tfl_r, soleus_r

	Tibialis anterior
	tibant_r, fdl_r

	Vastus lateralis
	vaslat_r, vasint_r

	Vastus medialis
	vasmed_r, vasint_r


Table S2. Experimental muscle excitations distributed to 23 MTUs. The MTU label convention were adopted from the OpenSim model.
1

Mesh convergence analysis
Fig. S2 illustrates the results of the sensitivity study conducted on the mesh seeding size, indicating that the FHD and peak von Mises stresses in the model converged for a mesh size of less than 2mm. The mesh convergence analysis was conducted using a single hip contact force at 30% stance phase of the gait cycle (maximum forces and stresses recorded). 
[image: ]
Fig. S2. Maximum FHD and peak von Mises stress (PVMS) results of the mesh size sensitivity study.
Material properties sensitivity studies
Fig. S3 illustrates the results of the sensitivity study conducted on the material property set, indicating that FHD and peak Von Mises stresses in the model remained independent of the number of material property sets applied when the number of material sets is above ten. The material properties sensitivity analysis was conducted using a single hip contact force at 30% stance phase of the gait cycle (maximum forces and stresses recorded).
[image: ]
Fig. S3. Maximum FHD and peak von Mises stress (PVMS) results of the material property set sensitivy study.

Statistical comparison
Femoral head deflections 
Table S3 shows the agreement in femoral head deflections (R2 and nRMSE) between the evaluated boundary conditions compared with the inertia relief method. 

	Model
	Femoral head deflection
	Fixed-knee
	Springs
	Isostatic
	Mid-shaft
	Biomechanical

	
	
	R2
	nRMSE
	R2
	nRMSE
	R2
	nRMSE
	R2
	nRMSE
	R2
	nRMSE

	Normal
	Medial-lateral 
	0.96
	55.65
	0.09
	2.75
	0.70
	1.68
	0.96
	20.11
	0.98
	1.17

	
	Anterior-posterior 
	0.29
	22.46
	0.26
	15.59
	0.29
	1.16
	0.09
	5.20
	0.82
	1.83

	
	Superior-inferior  
	0.96
	-7.65
	0.93
	-0.93
	0.94
	-0.86
	0.97
	-2.58
	0.96
	-0.29

	
	Resultant 
	0.89
	20.80
	0.51
	7.70
	0.95
	0.69
	0.84
	6.51
	0.97
	0.17

	AVA -10°
	Medial-lateral 
	0.92
	86.03
	0.01
	5.03
	0.64
	1.82
	0.92
	30.48
	0.91
	2.70

	
	Anterior-posterior 
	0.54
	32.16
	0.41
	13.69
	0.00
	1.34
	0.46
	9.31
	0.23
	1.25

	
	Superior-inferior  
	0.91
	-9.54
	0.94
	-1.26
	0.92
	-0.86
	0.91
	-3.38
	0.96
	-0.23

	
	Resultant 
	0.93
	24.86
	0.68
	7.87
	0.91
	0.72
	0.89
	7.70
	0.90
	0.27

	AVA 45°
	Medial-lateral 
	0.96
	71.68
	0.00
	2.06
	0.08
	1.76
	0.97
	25.40
	0.97
	1.51

	
	Anterior-posterior 
	0.07
	37.88
	0.05
	46.20
	0.65
	1.05
	0.24
	10.68
	0.42
	7.48

	
	Superior-inferior  
	0.94
	-7.64
	0.92
	-0.78
	0.98
	-0.92
	0.97
	-2.65
	0.96
	-1.11

	
	Resultant 
	0.88
	21.17
	0.37
	9.71
	0.83
	0.48
	0.88
	6.95
	0.61
	1.02

	NSA 115°
	Medial-lateral 
	0.88
	88.82
	0.22
	3.81
	0.65
	2.24
	0.88
	33.61
	0.37
	3.81

	
	Anterior-posterior 
	0.32
	17.69
	0.33
	10.37
	0.22
	1.17
	0.15
	4.06
	0.45
	1.54

	
	Superior-inferior  
	0.98
	-5.01
	0.98
	-0.23
	0.96
	-0.59
	0.98
	-1.85
	0.98
	-0.23

	
	Resultant 
	0.96
	16.17
	0.65
	4.14
	1.00
	0.58
	0.97
	5.31
	0.75
	0.32

	NSA 150°
	Medial-lateral 
	0.94
	372.66
	0.00
	27.98
	0.21
	10.54
	0.96
	130.97
	0.94
	16.31

	
	Anterior-posterior 
	0.45
	41.71
	0.49
	21.57
	0.02
	1.36
	0.33
	11.95
	0.70
	2.11

	
	Superior-inferior  
	0.81
	-51.59
	0.89
	-9.05
	0.90
	-4.19
	0.85
	-17.64
	0.96
	-2.21

	
	Resultant 
	0.61
	31.82
	0.65
	13.14
	0.22
	0.62
	0.48
	9.71
	0.73
	0.51


Table S3. R2 and nRMSE statistical values reported for femoral head deflections of the various models as compared to the inertia relief (IR) method.

Peak von Mises stress
Table S4 presents the quantitative assessment of the agreement (R2 and nRMSE) between the evaluated boundary conditions and the inertia relief method for the peak von Mises stresses arising in the femur.
	Model
	Fixed-knee
	Springs
	Isostatic
	Mid-shaft
	Biomechanical

	
	R2
	nRMSE
	R2
	nRMSE
	R2
	nRMSE
	R2
	nRMSE
	R2
	nRMSE

	Normal
	0.46
	1.23
	0.79
	0.22
	0.51
	0.61
	0.53
	1.25
	0.92
	0.13

	AVA -10°
	0.59
	1.59
	0.68
	0.25
	0.56
	0.48
	0.52
	1.67
	0.97
	0.09

	AVA 45°
	0.01
	0.78
	0.89
	0.13
	0.49
	1.06
	0.32
	0.74
	0.71
	0.37

	NSA 115°
	0.83
	1.30
	0.91
	0.31
	0.86
	0.27
	0.78
	1.34
	0.98
	0.13

	NSA 150°
	0.03
	1.22
	0.52
	0.21
	0.38
	0.96
	0.01
	1.39
	0.61
	0.23


Table S4. R2 and nRMSE statistical values reported for peak von Mises Stress of the various models as compared to the inertia relief (IR) method.
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Studies assessed for eligibility  (n =   85 )       
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