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SUMMARY 
Discomfort is one of the major causes for suspending the use of 
rehabilitation devices; it is caused by the pressure forces 
building up at the interface between human and device. 
A typical rehabilitation device is the ankle-foot orthosis (AFO). 
This work presents a preliminary study of the pressures that 
lead to pain (discomfort) in different locations of the lower 
limb of a healthy human, bearing in mind the locations of force 
transmission in such a device. 
An experimental study was performed using different indentor 
diameters to find the forces, deformations and pressures that 
cause pain. As the onset of pain depends on a large number of 
parameters, the present study will focus on a smaller set: 
deformation, pressure and anatomical location of the test. 
Preliminary results show that discomfort depends on location, 
level of force, area of contact and pressure. The force level that 
causes pain wasn’t necessarily constant across all locations and 
indentor diameters. However, in the present results the pressure 
is shown to rise for decreasing area of contact. Additional tests 
are needed to validate this tendency. This quantitative data will 
be used in a computational design tool to help in the 
development of new comfortable rehabilitation devices.  
 
INTRODUCTION 
A major factor for suspending the use of rehabilitation 
equipment is the lack of comfort of its users. A cause of this 
discomfort can be justified by the need to apply force to fulfil 
the support and rehabilitation requirements for each case. The 
development of a computational tool to assist in the design of 
these devices is a good solution to decrease the time between 
prescription and successful use. It allows predicting the 
behavior of the patient, its role on rehabilitation and assessing 
the comfort. It allows also to quantify the structural behavior 
and actuation needs for the equipment. It is the intention of the 
authors to develop this tool, in particular to developed devices 
that are in contact with the user’s skin, in such a way that the 
user feels comfortable when using them. To do so it is 
important to know the properties of the human skin and 
understand how discomfort appears. The principal factors that 
influence discomfort are the force applied and its direction – 
normal or tangent – in relation to the skin surface, the contact 
area, the location and the duration of the applied force [1,2]. 
Other factors related to the skin properties like age, gender, 
health, muscular activation, body density and moisture can also 
have a strong influence in the experienced discomfort. 
An example of a rehabilitation equipment with these issues is 
an AFO. A computational tool to study the forces acting 
between an AFO and the lower limb has already been 

developed by one of the authors [3]. Since the information for 
skin properties is sparse and disperse, one of the problems 
experienced during the development of this tool was the choice 
of parameters used to calculate the forces, namely the stiffness 
and damping necessary to compute the deformation of the soft 
tissues [3]. To infer if the obtained solution is comfortable the 
Pain Pressure Threshold concept was used [2]. Although the 
problem was successfully overcome, the authors were aware of 
the necessity of using different skin properties in different body 
locations.  
The objective of this work is to report on a preliminary 
experimental study of the contact forces developing at certain 
locations of interest in the lower limb. These locations were 
selected based on the results from the above mentioned 
computational tool simulating a stride. The experimental 
results show that the skin properties vary with the location of 
the test in the lower limb and the onset of pain changes with 
respect to the contact area and the pressure applied. The results 
were obtained for one subject only, so further testing is needed 
to validate this tendency. They show that an extended effort is 
needed to characterize both the skin properties and the level of 
tolerance for applied pressure and force and hence the ability to 
design for comfort. 
 
METHODS 
Through the analysis of the results of the simulation for contact 
forces between AFO and lower limb [3], four locations of 
interest (Figure 1) were selected since they were critical in 
terms of the amplitude of the applied forces that may lead to 
the discomfort.  
 

 

Figure 1:  Subject lower limb with the orthosis, location for 
application of force and experimental setup. 
 
The experimental tests were made on the left lower limb of a  
42-years-old female subject, with 66.7 kg of weight and 1.6 m 
of height. The leg was supported during the tests so that no 
muscular activation was needed. Spherical stainless steel 
indentors with three different diameters were used: 5, 10 and 

 



15 mm.  Forces were applied perpendicular to the lower limb 
surface by the subject until pain was experienced and 
maintaining this force level for 10 s. The forces were measured 
using a forcePlux resistive sensor, with a sensing area of 10mm 
diameter and 0,2mm of thickness, placed between the lower 
limb and the indentor. Results were acquired by the bioPlux 
acquisition system, using a sampling frequency of 40Hz. The 
skin deformation was recorded by the subject using a Mitutoyo 
Dial Gage, as shown in Figure 1. Five tests were performed 
with each indentor with increasing diameters for each location.  
 
RESULTS AND DISCUSSION 
The skin deforms in very different ways depending on the 
location. The deformation on the skin surface, although not 
measured, extends further when the test is done on the heel pad 
(point 4) than on the other locations. The depth of deformation 
is in conformity with the expected maximum from the 
literature (Figure 2). The depth of deformation for points 1, 2 
and 3 decreases from proximal to distal locations in this 
subject, but this can vary for different subjects.  
 

 

Figure 2:  Results for the mean deformation versus localization 
points for the three different indentors. 
 
The pressure level is higher for the smaller diameter indentors. 
With the amount of data available, the force level appears to 
remain largely similar, but some deviation from this behavior is 
expected to happen in different experimental situations. As a 
consequence of this, the pressure tends to fall with the increase 
in indentor diameter. This is confirmed by other disperse 
studies available in the literature (Figure 3). It appears also that 
pressure follows the same tendency as the deformation for 
points 1, 2 and 3. Points 4 and 1 show a somewhat different 
behavior when the different indentor diameters are compared: 
point 4 seems to accommodate better the larger diameters. 
Results for the 10mm diameter indentor on location 1 can be 
directly compared with those from [2]. It can be remarked that 
the present results are considerably lower. The reason for this 
may lie on the possible fatigue of the skin on the location tested 
since the present tests were made in a rapid succession. 
Another source of discrepancy can be the inherent differences 
from subject to subject. 
Plotting the results from Figure 3 in a log-linear plot of 
pressure versus indentor diameter, as in Figure 4, it can be seen 
a linear relation between contact area and pressure. 

The presence of different relations between pressure and 
indentor diameter for different locations confirms the variation 
in skin properties from place to place, even in very close areas, 
as in points 1, 2 and 3. 
 

 

Figure 3:  Results for the mean pressure versus localization 
points for the three different indentors. 
 

 

Figure 4:  Relationship between pressure and indentor 
diameter for the four points.  
 
CONCLUSIONS 
The results are consistent with the literature but the normal 
engineering solution is to distribute forces along larger 
surfaces, to decrease the pressure. Figure 4 explicitly shows 
this is not the best strategy for the design of rehabilitation 
devices. Further tests are needed with a larger population and 
more indentor diameters to understand whether or not this 
behavior is universal. 
Once a reliable source of information in terms of skin 
deformation, pressure and comfort is established, a reliable 
design process for comfortable rehabilitation devices will also 
be possible.  
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