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a b s t r a c t 

Lower limb fragility fractures require long-term rehabilitation and are also very expensive to treat. 

Clinically, early weight bearing and walking stability were reported as key measures of fracture 

restoration. This study introduces methods to numerically quantify these performance indices for 

a range of ankle and knee joint fractures. As a follow-up of initial treatment, experimental data 

was collected using force plates from 367 subjects divided into seven groups: ankle fracture (AF), 

lower leg ankle fracture (AL), calcaneus foot fracture (CF), knee tibia fracture (KF), knee patella 

fracture (KP), kneecap rupture (KR), and normal limb (NL). For each joint, data was analysed to 

evaluate intralimb and interlimb weight-bearing and walking stability for all fracture conditions. 

These thresholds were statistically compared with normal subjects. Some advantages of evaluating 

fracture restoration indices over the others include: 

• to quantify fracture restoration (weight-bearing, walking stability, and gait symmetry) using 

minimum setup and signal requirements. 

• to provide comprehensive tools to assess and overcome fracture-associated complications 

through a detailed preview of fractured limb functionality during subphases of a gait cycle. 

• in clinical research, such assessments are important as a reference to evaluate existing or new 

rehabilitative interventions. 
Specifications table 

Subject Area: Medicine and Dentistry 

More specific subject area: Physical Therapy, Movement Analysis 

Method name: Fracture Rehabilitation through Gait Assessment 

Name and reference of original method: Name: fracture restoration evaluation 

Reference: 

Prior methods evaluated fracture restoration indices using different biomechanical signals and measurement systems: 

1. Weight-bearing (Pfeufer et al., Injury. 2019:50:1324-8 [ 2 ]) 

2. Walking Stability (trunk acceleration method – Vieira et al., J of Biomechanics. 2017:54:73-79 [ 9 ]) 

3. Gait Symmetry (Mahmood et al., Med Eng Phys. 2021:100: 103720 [ 14 ]) 

This study optimises existing fracture restoration evaluations by evaluating the above three performance indices using 

minimum biomechanical signals and associated hardware requirements. 
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Resource availability: All supporting data accessible through the Elsevier repository as: 

1. Ankle Fractures 

https://data.mendeley.com/datasets/zh5zjr44zk/1 

2. Knee Fractures 

https://data.mendeley.com/datasets/8584gn4y37/1 

Background 

Early weight-bearing, walking stability and gait symmetry have been reported as key performance indices to evaluate gait 

restoration following lower limb fractures [ 1-3 ]. Recent studies reported that modern rehabilitation centres used instrumented 

gait data to diagnose, plan, and evaluate rehabilitation outcomes [ 4 , 5 ]. Gait data such as spatiotemporal parameters were used

to evaluate interlimb gait symmetries [ 3 , 6 ] however, they provide little information about walking stability and weight-bearing

ability. Alternatively, ground reaction forces (GRF) have been reported as a measure of weight-bearing ability and walking sta-

bility [ 1 , 7-9 ] however, the thresholds of GRF(s) over the entire gait cycle as reported earlier provide little information about

gait variability and symmetries during subphases of a gait cycle. Thus, the breakdown analyses of gait into subphases can pro-

vide detailed insights into fracture healing and hence reduce the risk of overloading during the rehabilitation period. This study

presents methods to evaluate weight bearing, walking stability, and gait symmetry as fracture restoration indices using: 1) min-

imalistic signals (GRF) and hardware requirements, and 2) extracting maximum information by analysing data for gait inner 

phases. These methods optimise the existing instrumented techniques used for rehabilitation evaluations in response to clinical 

interventions. 

Methods detail 

Fracture restoration measurement tools 

Ground reaction forces (GRF) are reported as a standard tool used clinically to measure human locomotion and to diagnose

and evaluate patients’ gait performance [ 5 ]. A gait cycle can be described using GRF waveforms as shown in Fig. 1 . During a

normal gait, weight acceptance by either of the limbs takes place in three subphases: 1) first double limb support (first 30% of

stance); 2) single limb support (31-70% of stance); 3) second double limb support (71-100% of stance) [ 10 , 11 ]. During the first

double-limb support period, the fractured limb accepts body weight gradually named as the loading phase while the intact limb

undergoes the unloading phase. During single-limb support, the affected limb accepts the whole-body weight independently with- 

out the support of the intact limb. Lastly, during the second double limb support period, the affected limb pushes the ground

backwards to get a forward lift named the unloading phase while the intact limb undergoes the loading phase. In this study,

the vertical component of GRF (V-GRF) is used to quantify the weight-bearing ability of the fractured limb while the anterior-

posterior and medial-lateral GRF components (AP-GRF, ML-GRF) are used to quantify neuromuscular control towards walking 

stability. 

Another important aspect to quantify fracture restoration is the dependency of the affected limb on the intact side (gait symmetry)

which was speculated to be increased significantly with lower limb injuries [ 4 , 12 ]. During the first double limb support, the affected

limb executes weight acceptance (loading phase) and the intact limb executes weight unloading and vice versa occurs during the

second double limb support phase [ 13 , 14 ]. Such interaction between opposite limbs provides vital information on interlimb gait

symmetry as a measure of fracture restorations [ 4 ]. In the current study, gait symmetry is also evaluated in terms of interlimb

correlations during both the first and second double limb support phases. 

In general, walking stability refers to the ability of humans to maintain/regain body movements without falls [ 15 ]. Prior re-

view studies [ 16 , 17 ] categorised gait dynamic stability assessments mainly into the margin of stability, the Lyapunov exponent, the

Fluquent exponent, the variability measure and long-range correlations. In this study, variability measures and correlation methods 

are applied. The variability in CoM-acceleration (or trunk acceleration) both in anterior-posterior and medial-lateral directions is used 

to quantify gait stability. Also, the interlimb correlation method is applied to measure gait symmetry. The data from healthy subjects

acts as a baseline in almost all gait assessments. In this study, an increase/decrease in the variability of CoM-acceleration, computed

for impaired subjects, gives the measure of poor walking stability compared with normal subjects [ 18 ]. The statistical analysis reveals

whether this difference is significant or not. 

Experimental data collection 

A dataset collected from fracture healing patients and maintained by the Austrian Rehabilitation Centre [ 5 ] was analysed in this

study. Experimental data was collected from patients who underwent surgeries after fractures and currently experiencing adminis- 

trative therapies. The data consisted of three-dimensional ground reaction force (3D-GRF) and two-dimensional centre of pressure 

(2D-CoP) signals recorded from 2084 fracture patients and 210 healthy individuals. All subjects were instructed to walk at their pre-

ferred pace and trails were recorded at 2kHz using two force platforms installed on a 10-meter-long walking track. In this study, data

recorded for a range of ankle and knee fractures was analysed. Data from healthy subjects act as a reference for statistical analysis.

The criteria followed to sort ankle and knee patients from the metadata file include patients who just started therapy, walked at a

preferred speed, trial recorded by wearing shoes, data collected from mixed genders, and data logged from both left and right limbs.
2

https://data.mendeley.com/datasets/zh5zjr44zk/1
https://data.mendeley.com/datasets/8584gn4y37/1


A. Raza, I. Mahmood and T. Sultana MethodsX 13 (2024) 102894

Fig. 1. Three components of mass normalised ground-reaction-forces illustrated with break down into gait subphases. GRFs from opposite limbs 

illustrated in red and blue curves. 1) peak V-GRF in first double limb, 2) peak V-GRF in single limb, 3) peak V-GRF second double limb, 4) peak 

AP-GRF in first double limb, 5) peak AP-GRF in second double limb, 6) peak ML-GRF in first double limb, 7) peak ML-GRF in second double limb. 

Table 1 

Normal and fractured subjects’ specifications. 

Sr. No Parameters Subjects Age 

(year) 

Mass 

(kg) 

Height 

(cm) 

1 Normal Limb (NL) 70 30.37 ± 4.96 71.76 ± 13.17 172.69 ± 8.23 

2 Ankle Fracture (AF) 50 35.96 ± 4.49 87.52 ± 17.4 176.08 ± 7.7 

3 Leg Shaft Fracture (AL) 40 38.5 ± 7.9 83.32 ± 17.11 175.95 ± 7.59 

4 Calcaneus Foot Fracture (CF) 72 40.05 ± 7.9 83.15 ± 16.2 178.38 ± 6.91 

5 Femur or Tibia Fracture (KF) 55 37.45 ± 6.39 81.78 ± 22.8 174.41 ± 9.79 

6 Knee Patella Fracture (KP) 28 39.2 ± 14.5 82.97 ± 18.42 177.57 ± 8.1 

7 Knee Menisci Rupture (KR) 52 36.12 ± 7.97 85.85 ± 14.5 175.61 ± 9.45 

Ankle-related fractures (#2-4), Knee-related fractures (#5-7) 

 

 

 

 

 

 

Further, the raw data was sorted based on the participants’ age-dependent frequency of occurrence in the bell-shaped curve. It has

been widely reported earlier that age variation can cause large deviations in gait assessments [ 19 , 20 ]. Hence, the age-dependent

distribution of subjects was tested statistically such that subjects lying within 95% of CI are considered for further analysis and the

rest of 5% (both sides of normal distribution) are discarded as outliers. This analysis resulted in the sorting of 19-54 years old adults.

The ages of the participants (average ± std.) are mentioned in Table 1 for both patients and healthy subjects. The detailed composition

of participants is stated in Table 1 . The resultant data consisted of three components of GRF (i.e. vertical, AP, and ML) and was

extracted for six fractured and one normal walking condition. 
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Data processing 

The raw GRF data was transferred to MATLAB-2022 for subsequent analysis. For each fracture condition, all trials were time

normalised to equate the number of samples such that a matrix 200 × X (samples × trials) was obtained per stance phase. The

resultant 3D-GRF(s) were cleaned at 10Hz applying a second order low pass Butterworth filter [ 14 , 21 ]. The filtered GRF(s) were then

mass normalised following [ 2 , 22 ] to overcome data variation caused by the body masses of participants. These mass normalised-GRF

(s) alternatively provide subjects’ 3D center-of-mass or trunk acceleration information (force/mass). A comparison of mass normalised 

signals in Fig. S1 (supplementary materials) revealed that the maximum difference between normal subjects and fractured patients 

occurs at the peaks of respective 3D-GRF(s). The mass normalised GRF(s) were discretised into three subphases for further analysis.

The subphases included the first double-limb support, single-limb support, and second double-limb support periods as illustrated 

earlier in Fig. 1 . For each subphase, the thresholds of GRF(s) i.e., minima and maxima were extracted in MATLAB. Three distinctive

peaks were observed and computed from V-GRF ( Fig. 1 ) as a measure of patients’ weight-bearing ability during respective subphases.

Similarly, the AP and ML GRF(s) exhibited two distinctive peaks ( Fig. 1 ) during each of the first and second double limb support

periods, hence, extracted as a measure of patients’ balance control in the respective directions. In total, seven data points were

extracted for each of the fractured conditions. 

Further, gait symmetry was evaluated during both the first and second double limb support periods. During the first double limb

support period, the right limb undergoes a weight-loading transition, and the left limb undergoes a weight-unloading transition in

parallel and vice versa takes place during the second double limb support. Following that, GRF waveforms of the right and left limbs

were statistically correlated to determine gait symmetries during respective double limb support periods. 

Data analysis 

At first, seven GRF data points extracted for six fractured conditions (AF, AL, CF, KF, KP, KR) and one normal condition (NL)

were compared statistically. The statistical computations were executed using SPSS-v20 IBM software. The data was cleaned from 

outliers by computing interquartile ranges in the SPSS. Then, the Shapiro-Wilk test was applied to check data distribution. Observing

non-normal data distribution (p < 0.05), the Kruskal-Walli’s (one-way ANOVA) test was applied along with Bonferroni correction to

evaluate the differences between fractured and normal conditions. A difference was considered significant if the p-value was found

< 0.05. 

Gait symmetry was evaluated during both double-limb support periods by applying Spearman’s correlation methods. The interlimb 

correlations were computed between fractured and intact limbs using respective 3D-GRF(s). The correlation coefficient evaluated from 

normal subjects presents baseline information. Gait asymmetry exists if there is a significant increase or decrease observed in the

interlimb correlation of fractured conditions in comparison to baseline. 

Considering the fractured side, both ankle and knee fractures illustrated a significant decline (p < 0.001) in the ranges of 3D

normalised GRF(s) during both the first and second double-limb support periods. The mean ( ± Std.) values of V-GRF(s) as a measure

of weight-bearing are presented in Table S1 (supplementary materials) and corresponding plots are shown in Fig. 2 . The mean ( ± Std.)

values of AP&ML GRF(s) as a measure of walking stability are presented in Table S2 (supplementary materials) and corresponding

plots are shown in Fig. 3 . However, the exceptions were observed in V-GRF(s) during single limb support Fig. 2 (c, d) and in ML-

GRF(s) during the second double limb support period Fig. 3 (g, h) which illustrated higher magnitudes than the thresholds evaluated

for normal condition (NL). 

Lastly, the dependency of the fractured limb on the intact side (gait symmetry) was evaluated through the Spearman correlation

method. The correlation coefficients are presented in Table S3 (supplementary materials) and corresponding differences are plotted 

in Fig. 4 . Both ankle and knee fractures illustrated strongly negative correlations between V-GRF(s) of opposite limbs during both

the first and second double limb support phases. These correlation coefficients were observed significantly increased in the vertical

direction for the fractured conditions compared with a normal limb (NL). The correlation coefficients are presented in Table 3

and corresponding plots are shown in Fig. 4 (a, b). In the AP direction, these interlimb correlations were observed to be massively

decreased for all fractures in comparison to the normal limb (NL). In the ML direction, only knee fractures illustrated a prompt

decrease in Fig. 4 (f) in interlimb correlations during the second double limb support phases. 

Method validation 

The current study introduces methods to quantify key performance indices of rehabilitation among patients undergoing lower 

limb fractures. These included weight-bearing ability, walking stability, and gait asymmetry and were evaluated here using 3D-GRF 

data. Patient data was mainly grouped according to the anatomical position of the injury i.e. ankle and knee fractures. 

Weight-bearing 

In the first double limb support, the outcomes illustrated a significant decrease in the range of V-GRF(s) for all six fracture

conditions. This is because, at the earlier stages of rehabilitation, patients struggle with mobility due to poor weight acceptance on

the fractured side, fear of imbalance, swelling, and variation in proprioceptive neuromuscular control [ 7 , 23 ]. In a normal gait during

the loading response, the plantarflexion moment continues at the ankle and the ankle dorsiflexion moment must resist this torque

to prevent foot drop [ 24 ]. Whereas, following ankle and knee-related fractures, patients illustrated a decline in ankle plantarflexion
4
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Fig. 2. Fractured limb weight-bearing ability quantified during subphases of a gait cycle. (a, b) first double limb support, (c, d) Single limb support, 

(e, f) Second double limb support. The left column shows Ankle-related fractures, right column shows Knee-related fractures. All fracture conditions 

showed a significant decline (p < 0.001) from baseline. NL: normal limb (baseline), AF: ankle fracture, AL ankle fracture near leg, CF: calcaneus foot 

fracture, KF: knee tibia fracture, KP: knee patella fracture, KR: kneecap rupture. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and dorsiflexion moments during foot loading [ 7 , 25 , 26 ] which resulted in the decline of upward trunk motion (i.e., vertical CoM-

acceleration (GRF/mass)) compared with the normal limb (NL). An earlier study reinforced this finding by reporting a significant

decline in vertical trunk movements following lower limb fractures [ 7 , 27 ]. The main causes of the decrease in vertical trunk/CoM

acceleration during the first double limb support period were reduced flexor moments at the affected ankle and knee joints and

weakness of lower trunk muscles [ 7 ]. 

In normal gait during single limb support, the GRF moves anteriorly, so a strong dorsiflexion moment at the ankle is produced in a

terminal stance. This dorsiflexion moment is opposed by the ankle plantarflexion moment to limit the forward progression of the tibia

[ 24 ]. However, our results illustrated less decrease in V-GRF during single limb support for all fracture conditions compared with the

normal limb (NL). This is because, with fractures, patients move cautiously, and the body generates less downward acceleration in the

centre of mass which results in low downward V-GRF(s). During second double limb support, normal subjects execute peak ankle and

knee motions (i.e., plantarflexion/flexion) in the unloading phase during which the foot pushes the ground backwards to get lift and

move the limb forward [ 25 , 26 ]. Patients with lower-limb fractures showed a significant decline in peak V-GRF(s) during this phase.

This is because, patients with fractures were unable to execute plantarflexion moment during late stance [ 7 , 14 , 28 ]. A prior study

also supported this outcome reporting the decrease in overall trunk acceleration following lower-limb fractures [ 27 ], however, the

variability in trunk acceleration during subphases of a gait cycle was observed unreported previously. In this study, the magnitude

of V-GRF(s) illustrated decreasing thresholds during gait subphases which is clinically important to monitor patients’ weight-bearing 

ability and hence progress in fracture recovery. 

Further, the outcomes from interlimb correlations between fractured and intact limbs illustrated strongly negative coefficients 

in the vertical direction. Earlier, the outcomes of interlimb asymmetry were reported as inconsistent for lower limb injuries [ 4 ]. In

the current study, almost all fracture conditions illustrated a significant increase in interlimb correlations in comparison to normal

subjects during both the first and second double limb support phases. Implies, the fractured limbs are greatly dependent on the intact

limbs to accept the body weight which also infers greater gait asymmetries. A similar finding was also reported earlier for reduced
5
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Fig. 3. Fractured limb walking stability quantified during first and second double limb support periods of a gait cycle. The left column shows 

Ankle-related fractures, right column shows Knee-related fractures. (a-d) mass normalised-GRF(s) in anterior-posterior (AP) direction, (e-h) mass 

normalised-GRF(s) in medial-lateral (ML) direction. All fracture conditions showed a significant decline (p < 0.001) from baseline. NL: normal limb 

(baseline), AF: ankle fracture, AL ankle fracture near leg, CF: calcaneus foot fracture, KF: knee tibia fracture, KP: knee patella fracture, KR: kneecap 

rupture. 

 

 

 

 

 

 

ankle foot motions and intact limbs using CoP-velocity signals [ 14 ]. However, the CoP waveforms are limited to predicting walking

stability in AP and ML directions and are unable to measure the weight-bearing ability in the vertical direction. 

Walking stability 

The trunk/CoM movements in AP and ML directions were reported as correlated with the prediction of falls following lower-limb

fractures [ 7 , 27 ]. Hence, the thresholds of AP and ML mass normalised GRF(s) (i.e. CoM-acceleration) were computed as a measure

of balance control following ankle and knee fractures. All six fracture conditions illustrated a massive decline in the thresholds

of GRF(s) during both the first and second double limb support periods. Implies, patients exhibit poor balance control following

fractures. Earlier, it was reported that patients with ankle fractures did not exhibit statistical differences in the kinematic ROM(s) i.e.,
6



A. Raza, I. Mahmood and T. Sultana MethodsX 13 (2024) 102894

Fig. 4. Gait symmetry computed through the interlimb correlation between opposite limbs GRF(s). The left column shows gait symmetry during the 

first double-limb support period, and the right column shows gait symmetry during the second double-limb support period. (a, b) weight-bearing 

dependency in the vertical direction, (c, d) walking stability correlation in the anterior-posterior direction, (e, f) walking stability correlation in 

the medial-lateral direction. NL: normal limb (baseline), AF: ankle fracture, AL ankle fracture near leg, CF: calcaneus foot fracture, KF: knee tibia 

fracture, KP: knee patella fracture, KR: kneecap rupture. 

 

 

 

 

 

 

 

 

 

 

 

abduction/adduction and inversion/eversion angles [ 7 ]. In comparison, the kinetic ranges of AP and ML GRF(s) as quantified here

provide a quantitative measure of decline in balance control for fractured limbs. Clinically, such quantification is important to assess

the severity of a fracture and patient response towards rehabilitation measures. 

In the AP direction, almost all fracture conditions illustrated a significant decline in interlimb correlations during both double

limb support phases. Implies, patients exhibit greater gait asymmetry in the AP direction compared with normal subjects. In the ML

direction, most of the ankle and knee fractures illustrated a significant increase in interlimb correlation during both double limb

support periods. This is because fractured patients adopt to walk by keeping their fractured limb static as much as possible. As a

result, interlimb correlations between fractured and intact limbs altered significantly in both directions. These findings showed the 

increased dependency of fractured limbs on the intact side and hence greater gait asymmetries. 

In conclusion, the methods of this study illustrated a significant decline in the weight-bearing ability, walking stability, and gait

symmetry of patients who underwent ankle or knee-related fractures. This study presents the methods of analysing 3D-GRF(s) to

quantify interlimb and intralimb performance indices following lower limb fractures. The intralimb weight-bearing was quantified 

through vertical GRF(s) and balance control ability was quantified through AP & ML GRF(s) for both fractured and intact limbs. Fur-

ther, the dependency of the fractured limb on the intact side was quantified through interlimb correlations. As a follow-up of fracture

healing, such performance assessments are clinically important to monitor patients’ current progress and avoid future complications. 

It has been reported earlier that weight-bearing exercise with different walking speeds generates different GRFs and loading rates 

which enhance the nutrient transport and the production of proteoglycan in cartilage leading to a fracture healing process [ 29-31 ].
7
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Therefore, future studies should apply current methods to monitor the progress of fracture healing in response to said weight-bearing

exercises. 

Limitations 

Despite the optimisation of fracture restoration evaluations, these methods also have a few limitations. Firstly, the experimental 

setup used in this study (i.e. force plates) is limited to be used in the lab environment and data can be recorded only for a single

stride (gait cycle). Secondly, the force plates are expensive hardware and require special expertise to operate. The force plates are

the most accurate equipment available for human movement-related kinetic data acquisition, however, the portable foot insoles are 

also commercially available as an alternative to acquiring 3D-GRF(s). These insoles are portable, low in cost, and can record GRF(s)

for continuous strides with freedom of use outside the lab environment. 
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