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Abstract—Clubfoot disorder treatment requires use of 
corrective braces after surgery to prevent it from occurring 
again. Continuous monitoring of the patient after wearing the 
brace forms a necessary requirement for successful healing. 
Padmapada is a recent clubfoot brace that was developed for 
this purpose. This paper presents the design of Padmapada- a 
compliance monitoring clubfoot brace using capacitive sensing. 
The paper discusses the design and development of the 
sensorand presents results of compliance with experimental 
data. 

I. INTRODUCTION 
lubfoot is a congenital disorder affecting the 
musculoskeletal system and is found among 2.5 out 
of 1000 new born children. Those affected by 

clubfoot show plantarwards(inwards) rotation of foot. 
Treatment at the earlier stage is performed by using 
plaster casts. In such cases, the response of the foot is 
monitored at regular intervals and the casts are changed 
as required [1]. Another solution is through surgical 
procedure [2]. In both cases, continuous monitoring is 
necessary for successful treatment. Use of corrective 
braces are necessary for children aged 3-5 years in both 
the cases to prevent the disorder from re-appearing.  

A large variety of braces are available in the market 
[3] including but not limited to Dennis Browne Brace, 
Dobb’s Dynamic Clubfoot Brace, Markell Brace etc. 
[4][5][6][7]., Though these braces provide the necessary 
corrective forces required, they do not allow required 
dorsiflexion [4] to the child to crawl on its knees.  

Padmapada©1is a clubfoot complaint monitoring brace 
developed to provide the necessary dorsiflexion [8] as 
shownin Fig1. The brace provides necessary freedom to 
move the lower limbs of the child keeping the foot in 
the desired plantarflex position by use of a 4-bar linkage 
which allows the child to comfortably crawl on its 
knees. 

During earlystudies, it was reported that parents tend 
to remove the brace when children started crying due to 
discomfort.It was also found out that for proper curative 
process, thefoot should be in proper contact with the 
insole of the shoe. In order to achieve these purposes, it 
was necessary to develop a sensor array to check the 
compliance of wearing of the brace and monitor its 
wearing pattern. 

To achieve wearing compliance foot must be properly 
touching the insole in the highlighted areas shown in Fig 
2a. For the compliance monitoring, the above-
mentionedareas are sensed for proper contact and 
periodic collection of sensed data is stored for future  

                                                           
1 Patented  

analysis. From literature, many sensing techniques can 
be used to detect touch activity like resistive, pressure, 
capacitive etc. Capacitive sensor was selected for 
Padmapada due to the following reasons. 

 Ease of construction 
 Vibration proof 
 Simple and compact construction 
 Cost effective solution 

 

 

Fig 2b shows the placement of the capacitive sensors 
corresponding to the area to be detected. It consists of 
three capacitive sensors which are placed at 1 
metatarsal, 5 metatarsal and heel locations. 

This paper presents the design of the capacitive sensors for 
compliance monitoring. The paper also presents overall 
system design which stores data periodically. The data is 
presented to the doctor by means of a GUI developed on 
Windows platform.
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Fig. 2. 2a Area to be sensed [Image source: Google Images]; 2b Sensor 
Layout. 

Fig. 1. Padmapada Clubfoot Brace. 
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II. SYSTEM DESIGN

The compliance monitoring for the clubfoot brace is 
necessary as parents tend to remove the brace as child 
starts crying due to discomfort. Therefore, compliance 
monitoring is done only during the initial phase, until 
the child gets accustomed to the brace. This duration is 
found to be approximately three months. Hence, it was 
necessary to design a low power system that required a 
low power microcontroller for this purpose.  

The conceptual block diagram of the system is shown 
in Fig.3. The heart of the system is the KL05Z, an ARM 
Cortex M0 microcontroller from Freescale. It has inbuilt 
low-power touch sense interface for interfacing 
capacitive sensor, Real-Time-Clock, also supports very 
low-power stop (VLPS) mode, very low-power run 
(VLPR) mode.  In VLPR mode, the controller consumes 

a maximum of 313μA whereas in VLPS mode, the 
controller consumes a maximum of 0.45μA. The 
microcontroller is configured to wake up from VLPS 
mode every one hour and operates in VLPR mode to 
process the sensor data and returns back to VLPS mode. 
A 64Kb EEPROM is interfaced to the system via I2C 
interface to store the compliance monitoring data. The 
data stored in the EEPROM is communicated to the 
computer via USB interface. A 3V non-rechargeable 
button battery CR2032, is used to power the system.  

III. CAPACITIVESENSOR DESIGN FOR FOOT SENSING 
Capacitive sensing works on the principle of detection 

of change in dielectric or change in physical parameters 
like area of electrodes or gap between the electrodes. 
Foot presence sensing can be approximated to change in 
dielectric constant between the electrodes. 

 A comb structured capacitor design is selected for the 
present application [9] [10]. In order to eliminate the 
noise due to stray capacitance, a shield is provided 
around the capacitor pattern as shown in Fig.4. 

In a comb-capacitor, the electrodes each having an 
area , are in the same plane separated by a distance . 
This configuration is called as parallel-finger 

configuration. Capacitance for such a structure is given 
by (1). 

 (1) 

Where, n is the number of electrodes. For the above 
capacitive sensor,  =9 and relative permittivity for FR4 
material =4.4. 

The theoretical value of capacitance based on equation 
was found to be 3.73pF. The practically measured 
capacitance of the sensor in Fig.4, by means of a LCR 

meter was found to be 3.4pF. 

In Padmapada, the capacitance is measured by the 
microcontroller which consists of an electrode oscillator 
circuit as shown in Fig.5, to pump charges to the sensors 
using constant current source. A timer counter detects 
the time it takes for the capacitor to charge to a known 
voltage value. The measured time is proportional to 
capacitance [11].  The microcontroller internally 
converts the time to equivalent digital counts. The count 
value is converted to actual capacitance using the (2). 

(2) 

Where,  is the count conversion coefficient given by (3). 
 (3) 

Where, is found to be 1pF from datasheet of the 
microcontroller and other parameters are user programmable 
and are set to provide optimum measurements as follows: 
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Fig. 5. Electrode Oscillator Circuit. 

Fig. 3.  System Block Diagram. 
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Table 1 shows a sample data set of count values 
obtained from the micro-controller for all the 3 sensors 
and their corresponding capacitance values. 

IV. SYSTEM FUNCTIONING 
During the usage of the brace, sensor capacitance is 

measured without the presence of foot and the value is 
stored as base capacitance. With respect to the base 
capacitance, values of capacitance in the presence of 
foot are compared and if found to be greater than a pre-
determined threshold, the compliance is asserted.  

a. CALCULATION OF THRESHOLD 
The raw sensor data consisting of capacitance values 

in terms of timer counter at each of the sensors are 
initially collected in the experimental phase from many 
clinical trials. Based on the overall average change in 
capacitance when foot is present and absent, a threshold 
value is calculated as given in (4). 

) 

Where  is the capacitance threshold value for 
each of the three sensors at position  and 

 is a vector array of experimentally collected values 
of sensor capacitance at position  consisting of values 
from the absence to the presence of 
foot. and  are the maximum and 
minimum values.  

 The threshold calculated from data set acts as a 
decider value for detecting compliance of the brace. 

b. COMPLIANCE MONITORING 
During the first visit to the doctor, the device is 

configured by using the GUI and the base capacitance 
values of each of the sensor, when the child is not 
wearing the brace, are recorded. These values are the 

. The threshold value is added to the 
 to obtain the respective threshold for the 

sensor .as given by (5). 

) 

The doctor then uses the GUI to start the data 
acquisition procedure. The device is configured to wake 
up every one hour and monitor the compliance by 
comparing the measured value of capacitance of the 
sensor at that instance with respect to the threshold set 
for each of the sensors respectively. If the measured 
value of capacitance is greater than the threshold, for at 
least two of the three sensors, it is concluded as 

compliant else non-compliant. This periodically 
acquired data is recorded in an on-board flash memory 
and presented to the doctor in the form of graphs when 
the patient returns for a check-up. 

V. ADDITIONAL CHALLENGES 
During initial clinical trials, it was found that the 

electronics was getting corroded due to frequent 
urination and perspiration of the feet. To protect the 
electronics from corrosion, two layers of acrylic coat 
was sprayed on to both sides of electronics and the 
complete electronics on the solder side was sealed with 
acrylic enclosure (cut in the shape of the PCB) using 
silicone RTV as adhesive on the sides and vinyl was 

pasted on the walls enclosing the solder side of the PCB 
with the battery embedded in it to make it water proof. 
The micro-USB port was protected using a micro-USB 
dust cover. The electronics on the sensor side was 
covered with a layer of leather to provide cushioning to 
the baby feet. The conceptual cross section of the 
layered construction of the brace is as shown in Fig.6. 

Fig 7 shows the cross-sectional view depicting various 
layers in actual construction. 

Further, due to perspiration of the foot and 
unavoidable frequent urination, the leather accumulates 
moisture and gets wet. This dampness alters the 
dielectric property of the leather and results in variation 
of capacitance value giving rise to false positive results. 
In order to limit the variation of capacitance due to 
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Fig. 6. Hierarchy of construction of brace. 

Fig. 7. Cross-sectional View of actual construction. 
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dampness, the leather was replaced with Rexine which 
is a water proof material.   

VI. RESULTS 

The Fig 8 shows experimental data samples of one 
sensor (1-Metatarsal) of right foot collected from a child 
wearing a brace for a period of 48 hours. It also shows 
threshold value which was recorded during the 
calibration phase by the doctor before fixing the brace 
on the child. The variation of capacitance is compared 

against the pre-determined fixed threshold. If the 
capacitance is greater than the threshold, the hour is 
marked as  

compliant as shown in the subplot. 

 

It can be seen from the graph in Fig 8 that the curve 
between 5th and 10th hour, although the brace is put 
properly, the capacitance is varying instead of being flat. 
This variation is found to be due to temperature. A 
separate lab test was conducted to confirm the same and 
from Fig 9, it can be seen that the capacitance varies 
with change in temperature. Fig 10 shows the variation 
of capacitance over 48 hours. This change in 
capacitance due to temperature alone and not due to 
wearing of brace might give rise to false positive at 
certain point. For example, between 16th and 21st hour, it 
could be that the brace is removed and shelfed, but as 
the capacitance is just above the threshold line and 
therefore assumed to be compliant. 

The falling peaks between 13th and 16th hour and also 
38th and 43rd hour clearly indicate that the brace was 
removed due to large variation of capacitance value and 
hence, non-compliant. Since the sampling is done every 
one hour, the non-compliance in this case is assumed for 
the entire hour. 

Fig 8 shows a small dip in the value between 8th and 
13th hour.  This case arises when the shoe becomes loose 
or shoes not put properly. The shoes tend to get 
loosened as children tend to kick in order to get rid of 
the brace due to discomfort. This situation arises 
frequently and parents should ensure to tighten the shoe 
as and when necessary. 

It can be seen that, compliance monitoring is done 
fairly well over the span of 48 hours by using a simple 
threshold and the doctor can interpret the number of 
hours the child has worn the brace and suggest suitable 
remedies. The raw sensor data is also presented to the 
doctor to verify if any spurious spikes were introduced 
in the measurement of the sensors due to previously 
unknown factors. The doctor can then take a decision to 
judge the compliance of the braces. 

 

 

VII. CONCLUSION 
Clubfoot is a congenital disorder which requires use of 

corrective brace after surgery. Padmapada was one such 
brace developed for this purpose to also provide continuous 
monitoring. Capacitive sensor based monitoring system was 
successfully developed and it is accurately able to monitor 
the presence of foot.  
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