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SUMMARY 
Medical orthoses aim at supporting organic dysfunctions of 
the human body. Alternatively, orthoses can also be used as a 
research tool mimicking dysfunctions, e.g. during human gait. 
“Simulated injury” is an approach to analyze the 
reorganization of the body during movements by introducing 
such mechanical constraints. Here we consider adaptations to 
a knee constraint on local and global leg function during 
walking. We found local adaptations in leg joints adjacent to 
the restricted knee joint. The amount of increased joint flexion 
of the affected leg was proportional to the size of the knee 
constraint. No effects were observed on the contralateral leg 
joints. In contrast to the adaptation effects at joint level, no 
changes were found in global leg behavior of both legs. Also 
temporal gait parameters (contact and flight time) remained 
unchanged. 
 
 
INTRODUCTION 
Orthoses are medical devices to support the healing process 
after an injury. In clinics, the progress towards a normal 
(unaffected) leg behavior can be assessed using gait analysis. 
Alternatively, in fundamental research orthoses can also be 
used for studying human gait. This provides a method to 
analyze the reorganization of leg function by introducing 
perturbations. We call this approach “simulated injury”. For 
such an approach, medical devices can be used as a 
mechanical constraint to perturb the local range of motion at a 
desired joint. Previous studies on patients wearing joint 
orthoses often focused on the affected joints [1] or considered 
the contralateral joint to check symmetry [2]. Studies in 
healthy humans included the analysis of joints adjacent to the 
location of the orthosis [3-5].  
Since all parts of the segmented human body are 
interconnected, we expect adaptations to local perturbations in 
adjacent as well as in more distant joints. Furthermore, the 
kinematic redundancy of the leg emerging from segmentation 
results in different solutions at joint level to a given global leg 
behavior [6]. During locomotion, the overall leg function can 
be simplified using template models assuming global leg 
parameters to represent compliant leg behavior in hopping, 
running [7] and walking [8]. 
The goal of this study is to characterize adaptation 
mechanisms on both, local and global leg function to 
unilateral perturbations by limiting the operation of the knee 
joint. To challenge the reorganization of leg function during 
stance phase of human walking, the maximum knee extension 
angle was limited by the orthosis. We expect that the joints 

adjacent to the affected knee compensate the reduced 
extension caused by the orthosis. For instance, a more 
extended ankle joint could counteract the constraint introduced 
by the knee orthosis. Furthermore we hypothesize that the 
contralateral leg joints may compensate larger constraints 
induced by the knee orthosis. For instance the contralateral 
knee joint could mimic the limited extension of the restricted 
knee in order to reduce the asymmetry between the limbs. 
 
 
METHODS 
Nine healthy male subjects between 21 and 32 years (mean 
weight 77.1 kg, mean height 1.79 m) were recruited for this 
study. Each subject performed four trials (1-4) of walking at 
preferred walking speed (mean preferred speed 1,04 m/s) on 
an instrumented treadmill (type ADAL-WR, HEF 
Tecmachine): (1) without knee limitation (Fig. 1, α = 180°), 
(2-4) with limited right knee extension (α = 160°/150°/135°) 
introduced by a 50K13 Genu Arexa knee orthosis (Otto Bock). 
3D kinetic data were collected at 1000 Hz using force sensors 
of the treadmill [9]. Vertical ground reaction forces (vGRF) 
were used to calculate the center of pressure (CoP) and to 
estimate the duration of contact (tc) and swing phases (ts). One 
gait cycle is marked by the touch-down (TD) of one foot and 
the next TD of the same foot. Gait cycles were normalized to 
100% and vGRF to each subject’s body weight (bw).  
A motion capture system (Qualisys, Gothenburg) consisting of 
ten infrared cameras collected 3D kinematic data at 240 Hz. 
Joint angles in sagittal plane were calculated and time-
normalized to the gait cycle and averaged for every subject to 
obtain individual means.  
Center of mass (CoM) was calculated based on joint 
kinematics and by integrating ground reaction forces. During 
stance phase, dynamic leg length (l) was determined between 
CoM and CoP (Fig. 1) and normalized to each subject’s leg 
length in quite standing detected at the beginning of the trial.  
 

 
 
 
 
 
Figure 1: Definition of 
dynamic leg length (l) 
based on CoM and CoP 
locations. The orthosis 
limits the knee angle (α).  



RESULTS AND DISCUSSION 
The knee orthosis influenced the adjoining joints but not the 
joints of the contralateral leg (Fig. 2). During stance phase, 
there was a higher flexion of the right knee, right hip and right 
ankle. This additional joint flexion increases with the size of 
the constraint. On global leg level (Fig. 3), hardly any 
influences were observed concerning the leg’s force-length 
curves and the temporal parameters like tc and ts (Tab. 1).  
 

 

Figure 2: Mean values of nine subjects of left and right joint 
angles during different limitations of right knee extension 
(legend). Vertical lines characterize the instant of take-off 
(TO) and horizontal lines the limit in the knee extension of the 
orthosis. 
 

 
Figure 3: Leg force-length behavior during stance phase is not 
much affected by the size of the knee limitation (mean value 
of nine subjects). 
 
At the affected leg, the knee constraint induced an adaptation 
of joint operation mainly during stance. There were no effects 
on the contralateral leg. Hence, the contralateral leg did not 
mimic the behavior of the constricted leg. 
In both limbs, the unilateral knee limitation did not change the 
global leg behavior. This adaptation is surprising given the 
observed adaptation on joint level. As the adjoining hip and 
ankle joints followed the higher flexion of the restricted knee 

during stance, the underlying mechanism for the unchanged 
leg behavior is suggested at a different level. For instance, 
DeVita [3] observed increased hip power to compensate a 
reduced knee power during stance. Also, an increased ankle 
extensor torque was found. However, it was not addressed, 
whether global leg operation was kept constant.  
During swing phase, kinematic adaptations occurred at the 
affected limb prior to TD (Fig. 2, 80-100% of gait cycle). This 
indicates the late swing leg control is adapted to the knee 
constraint, which may be important for gait stability [10]. 
 
 
CONCLUSIONS 
Even with larger joint restrictions, compliant leg function (Fig. 
3) and temporal parameters (Tab. 1) remained unchanged. The 
more flexed leg during stance would, however, suggest a 
changed leg operation with a reduced leg length. This 
behavior is paradox and needs to be analyzed in more detail. 
On one side, the calculation of joint torques and joint power 
could help to estimate where energy deficits could be 
compensated. On the other hand, the function of the trunk 
could provide compensation mechanisms, as the effective leg 
length and leg force is not just defined by the contacting leg 
but includes the action of the whole body. 
Studying “simulated injuries” provides a novel and valid 
approach to enhance the understanding of human and animal 
locomotion. This knowledge can be used for new 
rehabilitation techniques and robotic systems. 
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Table 1: Mean values of nine subjects of temporal parameters 
concerning left and right leg: contact (tc) and swing time (ts). 

knee 
limit 

contact time tc [ms] swing time ts [ms] 
left leg right leg left leg right leg 

mean (sd)  mean (sd) mean (sd) mean (sd) 
180° 696 (±42) 691 (±39) 407 (±17) 410 (±22) 
160° 686 (±38) 687 (±35) 406 (±20) 406 (±18) 
150° 689 (±42) 690 (±43) 409 (±17) 407 (±19) 
135° 671 (±37) 672 (±41) 401 (±24) 402 (±20) 


