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A B S T R A C T   

Background:Children with cerebral palsy (CP) present with a pathological gait pattern due to musculoskeletal 
impairments, such as muscle weakness and altered bony geometry. However, the effect of these impairments on 
gait performance is still unknown. 

Research aim:This study aimed to explore the effect of hip muscle weakness and femoral deformities on the 
gait performance of CP and typical developing (TD) subjects. 

Methods:6400 musculoskeletal models were created by weakening the hip extensors, abductors, adductors and 
flexors from 0% to 75 % and increasing the femoral anteversion angle (FAA) and neck shaft angle (NSA) from 20◦

to 60◦ and 120◦ to 160◦, respectively. One TD and five CP gait patterns were imposed to each model and muscle 
forces were calculated. The effect of weakness and bony deformities on the capability gap (CG) at the hip, i.e. the 
lack in hip moment generating capacity to perform the gait pattern, was investigated using regression analysis. 

Results:The CG of apparent equinus, stiff knee gait, TD gait, jump gait and true equinus increased with 0.080, 
0.038, 0.015, 0.023 and 0.005 Nm/kg per 10 percent hip abductor weakness increase, with 0.211, 0.130, 0.056, 
0.045 and 0.011 Nm/kg per 10 degrees FAA increase and with 0.163, 0.080, 0.036, 0.043 and 0.011 Nm/kg per 
10 degrees NSA increase, respectively. Combined weakness and bony deformities explained 96 %, 85 %, 82 %, 65 
%, 40 % and 35 % of the variance in the CG of apparent equinus, TD gait, stiff knee gait, jump gait, true equinus 
and crouch gait, respectively. 

Significance:The results suggest that surgical correction of femoral deformities is more likely to be effective 
than strength training of hip muscles in enhancing CP gait performance. Jump gait, true equinus and especially 
crouch were more robust, while apparent equinus and stiff knee gait were limited by hip weakness and femoral 
deformities.   

1. Introduction 

Cerebral palsy (CP) is the most common motor disability in children 
[1] and is caused by a lesion in the developing brain, which results in 
permanent movement disorders, including gait [2]. To improve 
communication among clinicians, there have been several attempts at 
classifying gait deviations [3]. Apparent equinus, stiff knee gait, true 
equinus, crouch and jump gait are the most commonly reported gait 

patterns [3,4]. However, the use of these gait patterns in clinical practice 
necessitates the understanding of how underlying impairments 
contribute to these gait patterns [3]. 

Results of previous experimental studies investigating the relation-
ships between impairments and gait deviations, were conflicting [5–7]. 
This is probably explained by the multifactorial nature of gait deviations 
with carry-over relations between impairments at one specific joint to 
motion of another joint [6]. To unravel this complex multicausality, 
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more research on identifying possible underlying impairments is 
needed. 

Two impairments affecting gait in children with CP are muscle 
weakness and bony deformities. Especially, hip muscle weakness and 
femoral deformities have an important influence on gait as they affect 
the upright posture, trunk and pelvis stability and forward progression 
[2,8–10]. Both strength interventions and femoral osteotomies improve 
gait function [11,12]. However, it is still unclear which of both treat-
ments has the most influence on improving gait. 

Musculoskeletal simulation is a valuable tool to understand the 
complex relationship between underlying impairments and gait per-
formance defined as the ability to achieve a walking pattern [13]. The 
capability gap (CG) is a simulation-based outcome measure that repre-
sents the discrepancy between the moments required to perform a motor 
task and the moments a participant can generate, and is therefore used 
to quantify gait performance [14,15]. If a CG appears, the neuromus-
cular adaptations, e.g. increased and reduced plantar flexor activity to 
compensate for its weakness and contracture, respectively [16], are not 
sufficient in maintaining a gait pattern. Afschrift et al. [14] found that 
typical developing (TD) gait could not be achieved anymore from 40 % 
of overall muscle weakness, where the CG became present. Additionally, 
TD gait was found to be unaffected by isolated weakness of hamstrings, 
psoas, but affected from 60 % and 80 % of weakness of gluteus medius 
and plantar flexors, respectively [17]. For crouch gait, less gluteus 
medius and plantar flexor strength was required [9]. Recently, Pitto 
et al. [15] developed a simulation platform that uses the CG as outcome 
measure to evaluate the effects of simulated surgeries to correct hip 
anteversion on CP gait performance. However, the influence of hip 
muscle weakness and femoral deformities on the CG of different gait 
patterns has never been investigated. 

This study therefore aimed to investigate the effect of hip muscle 
weakness and femoral deformities (increased femoral anteversion angle 
(FAA) and neck shaft angle (NSA)) on the CG at the hip of the most 
commonly reported CP gait patterns. Hip muscle weakness (hypothesis 
1.a) and femoral deformities (hypothesis 2.a) were expected to impair 
gait (as reflected in increased CG). Regarding the gait patterns, TD gait 
was expected to be affected to a larger extend by muscle weakness 
(hypothesis 1.b) and bony deformities (hypothesis 2.b) than CP gaits. As 
bony deformities affect the moment arms and muscle-lengthening 
properties of multiple muscles [18,19], bony deformities were ex-
pected to have a larger effect on the CG at the hip than isolated muscle 
weakness (hypothesis 3). 

2. Methods 

2.1. Experimental data 

Five children with CP, who each walked with a different pathological 
gait pattern, and one TD child were analyzed retrospectively (Table 1). A 
more extended version of the Plug-in Gait marker set, including 35 
surface markers, was placed on each participant [20]. Marker trajec-
tories were collected at self-selected speed using a 12-camera 
three-dimensional motion capture system (Vicon, Oxford Metrics, UK) 
at a sampling rate of 100 Hz. Ground reaction forces were simulta-
neously measured with two force plates (Advanced Mechanical 

Technology Inc., Watertown, MA, sampling rate of 1000 Hz). Written 
informed consents were signed by the children’s parents, in accordance 
with the ethical committee of University Hospital Leuven (Leu-
ven/Pellenberg, Belgium). 

2.2. Modeling and simulations 

In SIMM (Motion Analysis Corp., Santa Rosa, CA) a generic model 
with 19 degrees of freedom (DOF) and 88 muscles was scaled to the 
anthropometry and weight of the TD child [21]. The model included six 
DOF at the pelvis, three rotational DOF at the hip joint and between the 
pelvis and torso, and one DOF at the knee and ankle joint. After the 
scaled model was created, bony deformities were induced in the model 
with the deform tool in SIMM [22]. In order to include a variety of 
femoral deformities ranging from pathological values of CP children to 
normal adult values [23], 25 models were created with FAA ranging 
from 20◦ to 60◦ and NSA ranging from 120◦ to 160◦ in steps of 10◦, 
inducing altered muscle lengths and paths. 

Model definition of the 25 SIMM models was modified for OpenSim 
in MATLAB (MatlabR2017a) [13] and the maximum isometric muscle 
force (MIMF) of the generic model was scaled to the subject’s weight 
(Eq. 1) [24,25]. Due to the small body weight of the TD child, this 
scaling method resulted in unrealistic muscle activations even when 
using the model without muscle weakness and altered femoral geome-
try. Hence, we scaled the MIMF of the generic model using Eq. 2. This 
way, the simulations led to reasonable activations (did not attain 
maximal activations during a TD gait cycle). Furthermore, this did not 
influence the contribution of the reserve moment actuators (i.e. reserve 
moments activated if no feasible solution was found during static 
optimization). 
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with Fscaled
max and Fgeneric

max representing the MIMF of each muscle and Mscaled 

and Mgeneric representing the body mass of the scaled models and the 
generic model, respectively. 

From the 25 models with bony deformity, 6375 additional models 
were created in MATLAB by introducing different levels of muscle 
weakness for the hip extensor (gluteus maximus), abductors (gluteus 
medius and minimus), adductors (adductor longus, adductor brevis, 
adductor magnus and pectineus) and flexors (iliacus and psoas) muscle 
groups of both legs. The MIMF of the four muscle groups were decreased 
in steps of 25 % to simulate 25 %, 50 % and 75 % of muscle weakness. 
The initial 25 models represented the models without muscle weakness 
(0% of muscle weakness). 

For the TD child, joint angles were calculated with the Kalman 
smoothing algorithm [26] and joint moments were calculated using the 

Table 1 
Participant information.   

TD01 CP01 CP02 CP03 CP04 CP05 

Gait Pattern TD gait Apparent equinus Stiff knee gait True equinus Crouch Jump gait 
Gender Female Male Female Female Male Male 
GMFCS / II II I II II 
Weight (kg) 30.4 18.7 21.9 20.7 17 25.1 
Height (m) 1.39 1.17 1.23 1.17 1.11 1.28 
Age (years) 9 6.5 7.9 7.5 8.7 6.3 

Abbreviations in alphabetic order: GMFCS, Gross Motor Function Classification System; TD, typical developing. 
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inverse dynamic tool in OpenSim (Fig. 1 and Supplementary Fig. 1). 
To apply the different gait patterns to the TD model, the experi-

mental data of the enrolled CP participants were scaled to the included 
TD reference model, using a previously published approach [15]. First, 
the CP kinematics (obtained from the scaled CP model with the Kalman 
smoothing algorithm, Fig. 1) were imposed to the scaled TD model and 
corresponding 3D marker trajectories were extracted. The magnitudes of 
the ground reaction forces and moments were scaled based on the body 
mass and body mass times height, respectively. The point of application 
of the GRF, expressed in the foot reference frame, was scaled based on 
the scale factor of the foot segment. Thereafter, using the kinematics and 
ground reaction forces, the joint moments required for the TD reference 
model to perform the desired motion were computed (Supplementary 
Fig. 1). Afterwards, static optimization was used to calculate the indi-
vidual muscle forces and activations while minimizing squared muscle 
activation for all walking patterns (1 TD and 5 CP patterns). Reserve 
moment actuators were added to each DOF in the model to ensure 
successful simulation even with the ‘weak’ and ‘deformed’ models [27]. 

The CG at the hip was defined as the difference between the hip 

moments required for a certain gait pattern and the total hip moments 
delivered by the muscles and was therefore represented by the reserve 
hip torque actuators [14]. We calculated the maximal absolute value of 
the CG over the gait cycle for the three DOFs at the hip to determine the 
largest deficit in moment generating capacity of the model to reproduce 
a specific gait pattern (Fig. 2). 

2.3. Statistical analysis 

Simple linear regression analyses were performed to determine the 
relation between the CG at the hip and (i) hip muscle weakness (hy-
pothesis 1.a) and (ii) femoral deformities (hypothesis 2.a). The inde-
pendent variables were hip extensor, abductor, adductor and flexor 
weakness, FAA and NSA. The dependent variables were the CG of the 
three DOFs at the hip. The regression equations with regression co-
efficients (β) were calculated for the six gait patterns. We selected the 
analysis with the largest regression coefficient from the three DOFs at 
the hip (flexion/extension, adduction/abduction, internal/external 
rotation) per independent variable for each gait pattern to be included in 

Fig. 1. Kinematics of TD gait, apparent equinus, stiff knee gait, true equinus, crouch and jump gait pattern calculated with a Kalman smoothing algorithm. Ab-
breviations in alphabetic order: TD, typical developing; ◦, degree; %, percentage. 

Fig. 2. (A) The difference between the required 
moment (inverse dynamics) to perform a spe-
cific gait pattern (blue line) and joint moment 
generated (static optimization) by the muscles 
(green line) of the model represents the lack in 
moment generating capacity, i.e. the capability 
gap (red area). In (B) the capability gap over 
the gait cycle is presented with the maximal 
absolute value encircled. (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the web version of this 
article). 
Abbreviations in alphabetic order: Nm/kg, 
Newton-meters per kilogram body weight; %, 
percentage.   
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further analyses. We judged if the effect of the independent variables on 
the CG were relevant based on the following criteria: (1) significant β, 
(2) β > 0.001 and (3) the maximal CG of the regression line exceeds 5% 
of the corresponding maximal required joint moments (ID) [17,25]. 
Analysis of covariance was used to determine if the regression co-
efficients of TD gait were significantly larger than regression coefficients 
of the CP patterns (hypothesis 1.b and 2.b). 

Stepwise multiple regression analyses were performed to determine 
if bony deformities better predicted changes in the CG than muscle 
weakness (hypothesis 3). A bidirectional elimination procedure was 
used with a significance level of 0.05 and 0.10 as the criterion for the 
independent variables to be included or excluded, respectively. The root 
mean square error (RMSE), determination coefficients (R2) and changes 
in determination coefficients (R2 change) of the different regression 
equations for gait patterns were calculated. We reported the stepwise 
multiple regression analyses on the largest CG, regardless the DOF. 

All analyses were performed in MATLAB. After applying the Bon-
ferroni correction for multiple comparison considering the five hy-
potheses, the corrected α-level was 0.01 for all analyses. 

3. Results 

Across all relevant regression analyses, the dependent variable was 
attributed to the CG in hip adduction, flexion and internal rotation 
moment in 90 %, 5% and 5% of the analyses respectively. 

3.1. Hip muscle weakness 

The CG at the hip of the gait patterns increased when hip muscle 
weakness increased, except for crouch (Fig. 3 and Table 2). However, for 
apparent equinus, a CG decrease of -0.002 Nm/kg was found per 10 
percent flexor weakness increase (Fig. 3.E and Table 2). Extensor 
weakness affected apparent equinus and stiff knee gait the most and 
significantly more than TD gait, with 0.032 and 0.007 Nm/kg CG 

increase per 10 percent weakness increase (Fig. 3.A and Table 2). 
Apparent equinus, stiff knee and jump gait experienced a larger effect of 
abductor weakness than TD gait per 10 percent increase in abductor 
weakness, with 0.080, 0.038, 0.023 and 0.015 Nm/kg CG increase, 
respectively, while true equinus experienced a smaller effect than TD 
gait with 0.005 Nm/kg CG increase (Fig. 3.D and Table 2). The CG of 
true equinus increased 0.009 Nm/kg per 10 percent adductor weakness 
increase, which was significantly larger than TD gait (Fig. 3.B and 
Table 2). A ten percent increase in flexor weakness increased the CG of 
TD gait and true equinus equally with 0.008 and 0.007 Nm/kg, 
respectively (Fig. 3.E and Table 2). 

3.2. Femoral deformities 

Increased bony deformities affected the CG at the hip of all gait 
patterns, except for crouch (Fig. 3 and Table 2). Furthermore, FAA had a 
larger effect on the CG than NSA. Ten degrees increase in FAA, increased 
the CG with 0.211, 0.130, 0.056, 0.045 and 0.011 Nm/kg for apparent 
equinus, stiff knee gait, TD gait, jump gait and true equinus, respec-
tively, resulting in CG increases of the CP patterns being significantly 
different from TD gait (Fig. 3.C and Table 2). The CG of apparent 
equinus, stiff knee and jump gait, TD gait and true equinus increased 
with 0.163, 0.080, 0.043, 0.036 and 0.011 Nm/kg, respectively, when 
NSA increased with 10 degrees. This resulted in CG increases of the CP 
patterns that were significantly different from TD gait, except for jump 
gait (Fig. 3.F and Table 2). 

3.3. Combined hip muscle weakness and femoral deformities 

For the TD gait, FAA was the best predictor of the CG, followed by 
NSA, hip abductor and flexor weakness (Table 3). The regression 
equation with inclusion of these four independent variables explained 
85 % of the variance in the CG. The best predictors for the CG of 
apparent equinus, stiff knee, crouch and jump gait were also FAA, NSA 

Fig. 3. Steepest regression lines with hip extensor weakness (A), hip adductor weakness (B), FAA (C), hip abductor weakness (D), hip flexor weakness (E) and NSA 
(F) as independent variables and the maximal absolute CG at the hip as dependent variable for the six different gait patterns (TD gait, apparent equinus, stiff knee 
gait, true equinus, crouch and jump gait). The horizontal lines on the right side of each graph represent 5% of the peak moments of the inverse dynamics. If the 
regression line surpasses the horizontal line, the independent variable has a relevant influence on the CG at the hip. 
Abbreviations in alphabetic order: CG, capability gap; FAA, femoral anteversion angle; NSA, neck shaft angle; Nm/kg, Newton-meters per kilogram body weight; TD, 
typical developing; %, percentage. 
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and hip abductor weakness. Contrary to the TD gait, extensor weakness 
was the fourth best predictor of apparent equinus, stiff knee gait and 
crouch. These four variables explained 96 %, 82 % and 35 % of the 
variance in the CG of apparent equinus, stiff knee gait and crouch, 
respectively. 65 % of variance in the CG of jump gait was explained by 
FAA, NSA and abductor weakness. Adductor weakness was the best 
predictor of the CG for true equinus, followed by flexor weakness, FAA, 
NSA and abductor weakness. These five independent variables 
explained 40 % of the variance in the CG of true equinus. 

4. Discussion 

We explored the effect of hip muscle weakness and femoral de-
formities on the gait performance at the hip of different CP-specific 
walking patterns as quantified with the CG. In agreement with our hy-
pothesis 1.a and 2.a, increasing muscle weakness and bony deformities 
impaired the gait performance. In contrast to hypothesis 1.b and 2.b, 
apparent equinus and stiff knee gait were more impaired than TD gait. 
Furthermore, femoral deformities had a larger influence on the CG at the 
hip than weakness for all analyzed gait patterns, except for true equinus 
and jump gait (hypothesis 3). Therefore, our hypotheses were only 

Table 2 
The largest regression coefficients of simple regression analyses for the maximal absolute CG at the hip of different gait patterns.   

Dependent variables 

CG at the hip of different gait patterns 

Independent variables TD gait Apparent equinus Stiff knee gait True equinus Crouch Jump gait 

Hip extensor weakness <0.001 0.032*,◦ 0.007*,◦ <0.001* 0.003* <0.001* 
Hip abductor weakness 0.015* 0.080*,◦ 0.038*,◦ 0.005*,◦ 0.006*,◦ 0.023*,◦

Hip adductor weakness <0.001 <0.001 <0.001 0.009*,◦ <0.001* <0.001 
Hip flexor weakness 0.008* ¡0.002*,◦ <0.001◦ 0.007* <0.001*,◦ <0.001◦

FAA 0.056* 0.211*,◦ 0.130*,◦ 0.011*,◦ 0.015*,◦ 0.045*,◦

NSA 0.036* 0.163*,◦ 0.080*,◦ 0.011*,◦ 0.013*,◦ 0.043* 

The regression coefficients represent the increase or decrease in the CG (Nm/kg) per 10 percent and 10 degrees increase in hip muscle weakness and femoral de-
formities, respectively. Significant regression coefficients are indicated with an asterix and values in bold indicate that the maximal CG at the hip of the regression line 
is larger than 5% of the peak moments of the inverse dynamics. Regression coefficients with the symbol ◦ are significantly different from the regression coefficient of 
the CG at the hip of the TD gait pattern (analysis of covariance, Supplementary table 3). Abbreviations in alphabetic order: CG, capability gap; DOF, degrees of freedom; 
FAA, femoral anteversion angle; NSA, neck shaft angle; TD, typical developing. 

Table 3 
Results of stepwise multiple regression linear analyses for the maximal absolute CG at the hip of different gait patterns.   

M Independent variables RMSE R2 R2 change Dependent variables 
CG of different gait patterns 

TD gait 

M1 FAA      2.52 0.48 0 
M2 FAA NSA     2 0.67 0.19 
M3 FAA NSA HABD    1.51 0.81 0.14 
M4 FAA NSA HABD HF   1.37 0.85 0.03 

Apparent equinus 

M1 FAA      10.57 0.42 0 
M2 FAA NSA     7.9 0.68 0.25 
M3 FAA NSA HABD    4.01 0.92 0.24 
M4 FAA NSA HABD HE   2.95 0.96 0.04 
M5 FAA NSA HABD HE HF  2.95 0.96 <0.01 

Stiff knee gait 

M1 FAA      5.89 0.47 0 
M2 FAA NSA     4.77 0.66 0.18 
M3 FAA NSA HABD    3.5 0.82 0.16 
M4 FAA NSA HABD HE   3.45 0.82 0.01 

True equinus 

M1 HADD      1.9 0.15 0 
M2 HADD HF     1.79 0.25 0.1 
M3 HADD HF FAA    1.72 0.3 0.06 
M4 HADD HF FAA NSA   1.65 0.36 0.05 
M5 HADD HF FAA NSA HABD  1.6 0.4 0.04 
M6 HADD HF FAA NSA HABD HE 1.6 0.4 <0.01 

Crouch 

M1 FAA      1.59 0.14 0 
M2 FAA NSA     1.49 0.24 0.11 
M3 FAA NSA HABD    1.41 0.33 0.09 
M4 FAA NSA HABD HE   1.39 0.35 0.02 

Jump gait 

M1 FAA      3.62 0.22 0 
M2 FAA NSA     3.11 0.42 0.2 
M3 FAA NSA HABD    2.44 0.65 0.22 
M4 FAA NSA HABD HE   2.44 0.65 <0.01 

As the CG was the largest in the hip frontal plane for all gait patterns, stepwise multiple regression analyses were performed on the CG in the hip frontal plane. The 
criterion for the independent variables to be included and excluded in the model was a significance level of 0.05 and 0.10, respectively. The models with the inde-
pendent variables that best predicted the changes in the CG are in bold. Abbreviations in alphabetic order: CG, capability gap; FAA, femoral anteversion angle; HE, hip 
extensor weakness; HABD, hip abductor weakness; HADD, hip adductor weakness; HF, hip flexor weakness; M, model; M1, model 1; M2, model 2; M3, model 3; M4, 
model 4; M5, model 5; M6, model 6; NSA, neck shaft angle; R2, determination coefficient; R2 change, change in the determination coefficient with respect to previous 
model; RMSE, root mean square error; TD, typical developing. 
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partially confirmed. 
Crouch gait appeared robust to weakness in all hip muscles, sug-

gesting that hip muscle weakness is not a limiting factor to achieving 
crouch. Steele et al. [9] also reported that less abductor strength is 
required to perform crouch than TD gait. In contrast, of all muscle 
groups, strength in the abductors was found to be the most important for 
the performance of the other gait patterns (except for true equinus). This 
can be explained by the lack of other muscles to compensate for 
abductor weakness, while the availability of bi-articular muscles such as 
the hamstrings and rectus femoris [9,17], may compensate for extensor 
and flexor weakness, respectively. True equinus was the only pattern 
that was limited by adductor weakness, even more than abductor 
weakness, which may be explained by the observed increased hip 
abduction angles in the kinematics. Next to abductor weakness, flexor 
weakness limited the TD gait and true equinus performance, while 
extensor weakness affected the apparent equinus and stiff knee gait 
performance. Van der Krogt et al. [17] reported similar results for TD 
gait. In contrast to our hypothesis, apparent equinus and stiff knee gait 
required even more abductor and extensor strength than TD gait. 

Femoral deformities, FAA more than NSA, affected the gait perfor-
mance of all gait patterns, except crouch. Therefore, crouch appeared 
robust to femoral deformities, suggesting that femoral misalignment is 
not a limiting factor to maintain crouch gait. Although not fully, jump 
gait and true equinus appeared more robust to femoral deformities than 
TD gait. However, femoral deformities limited the performance of 
apparent equinus and stiff knee gait, even more than TD gait. 

Increased FAA and NSA have a larger influence on the gait perfor-
mance of apparent equinus, stiff knee and TD gait compared to weakness 
in just one hip muscle group, which may be explained by the bony de-
formities affecting the moment generating capacity of multiple muscles 
as decreases in moments arms of extensors, abductors, adductors, flexors 
and external rotators have been reported [18]. In contrast, jump gait and 
true equinus experienced an equal influence of abductor weakness and 
larger influence of adductor weakness than bony deformities, respec-
tively. Increased hip internal rotation and abduction angle observed in 
the kinematics of jump gait and true equinus, respectively, may have 
compensated partially for the bony deformities [4,10]. 

As we expected, the performance of jump gait, true equinus and 
crouch were less impaired by combined hip weakness and femoral de-
formities than TD gait, suggesting that the neuromuscular adaptations 
were sufficient in maintaining these gait patterns. Especially the per-
formance of crouch appeared to be robust. 

In contrast, combined hip weakness and femoral deformities affected 
apparent equinus and stiff knee gait performance, more than and equal 
to TD gait performance, respectively. Apparent equinus and stiff knee 
gait may be more robust to other neuromuscular impairments. Con-
tractures and spasticity of the iliopsoas and hamstrings and reduced 
voluntary control have been reported to contribute to apparent equinus 
[4,6,28]. Reduced muscle-tendon length, lengthening velocity and 
premature activity of the rectus femoris contribute to stiff knee gait [29, 
30]. 

We only examined the effect of hip muscle weakness and bony de-
formities on the CG. Therefore, caution is needed in the interpretation of 
the causality of the results. As other neuromuscular impairments, such 
as spasticity or contractures, may have less influence on apparent 
equinus and stiff knee gait performance, smaller increases in the CG may 
be expected if these impairments were additionally simulated. 
Furthermore, we did not model the impaired motor control nor did we 
tune the muscle optimal fiber length and tendon slack length to a CP 
model, which may have affected the magnitude of the CG [15]. 

To summarize, hip muscle weakness and femoral deformities 
affected TD and CP patterns. The CG was more sensitive to the bony 
deformities than hip muscle weakness, suggesting that surgical correc-
tions of femoral geometry are more effective than strength training of 
hip muscles in restoring specific gait performance. From all analyzed 
walking patterns, the performance of apparent equinus and stiff knee 

gait were impaired by hip weakness and altered femoral geometry. In 
contrast, jump gait, true equinus and especially crouch were more 
robust to hip muscle weakness and bony deformities. Future studies 
should further unravel the complex multicausality of the gait patterns by 
exploring the effect of spasticity, contractures and altered motor control, 
as well as weakness and deformities around the other joints, on the CG. 
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