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Abstract. A four-channel sensing system is proposed for the capture of
force data from the feet during walking tasks. Developed for an instru-
mented shoe design prototype, the system solves general issues of latency
of the response, accuracy of the data, and robustness of the transmission
of digital signals to the host computer. Such issues are often left par-
tially unanswered by solutions for which compactness, accessibility and
cost are taken into primary consideration. By adopting widely used force
sensing (Interlink) and analog-to-digital conversion and pre-processing
(Arduino) components, the proposed system is expected to raise interest
among interaction designers of interfaces, in which the reliable and suf-
ficiently broadband acquisition of force signals is desired.
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1 Introduction

Assessment of human gait has been a well known issue in biomechanics and
biomedical engineering. Early experiments in measuring and evaluating forces
under the foot date back to the end of the 19th century (Beely, 1882; Momburg,
1908). Since that time, various techniques and methods have been implemented
with the same purpose, involving the use of different kinds of floor-based electro-
mechanic transducers [TJ2/3].

Within this specific research topic, we are currently developing an instru-
mented shoe design that virtually reproduces ground surfaces, by interactively
augmenting otherwise neutral (i.e., flat and homogeneous) floors [16]. By means
of appropriate force sensing, real time signal processing, and final displaying of
multimodal (audio and tactile) cues through portable loudspeakers and haptic
actuators underfoot, this design is expected to serve purposes such as navigation
in functional spaces, support to physical rehabilitation, and entertainment.

While planning the design of a sensing system for such shoes, we wanted to
reach an acceptable trade off between accuracy of the recorded data and accessi-
bility and cost of the technology. Furthermore, the same system had to deliver a
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continuous data flow affording tight close-loop interaction with walkers through
the real time processing of such data. Recently, small and light force sensing
devices have been developed, allowing for within the shoe, online force measure-
ments. In parallel, the exploitation of powerful integrated electronic devices has
led to the design of portable and wearable data acquisition systems [4J5/6/7].

Unfortunately, there is a general lack of simple yet reliable wearable force mea-
surement systems. It is true that biomechanical and biomedical researchers and
engineers can choose commercial solutions providing integrated hardware and
software platforms for accurate underfoot force measurements and gait analysis
(see for example the Tekscan product line). Besides their quality, hardly these
solutions can be adapted for prototyping novel, flexible concepts of foot-floor in-
terfaces. Furthermore, integrated technologies like these do not always guarantee
low-level accessibility to raw data, nor they specify exact figures of latency for
the transmission of the related signals.

For these reasons, we have worked on the in-depth optimization of an ar-
chitecture based on popular hardware in the interaction design field, made by
Interlink] and Arduin(ﬁ and overall costing few tens of dollars. Its performance
depends on the number and characteristics of the sensors and the specifications
of the acquisition board: together, they set the dynamic range and the band of
the acquired information. Besides its applicability to instrumented shoes, the
same architecture is of potential interest in all situations where accurate force
data must be acquired and processed in real time.

This paper describes in detail its design and operation inside our prototype.

2 Sensors

Two Force Sensing Resistors (FSR) have been inserted between a sandal and a
removable sole, forming an additional layer on top of the sandal itself (Fig. [I).
Interlink equipment was chosen, for its versatility and popularity among inter-
action designers [8]. In this sort of “sandwich” configuration, the two sensors
detect forces respectively in correspondence of the toe and the heel.

Sole

4

\ Sandal

Fig. 1. Mechanical assembly of the shoe. For both toe and heel the Interlink FSR
model 402 has been used.

! http://www.interlinkelectronics.com/
2 http://arduino.cc/
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Each FSR is connected in series with a fixed resistor. Together, they realize
a voltage divider. The four dividers, two for each shoe, are finally connected to
the first four analog inputs of an Arduino Duemilanove board, another quite
popular device. Fig. 2] illustrates this connection.

+5Y
g %
FSR1
Arduino IN3 Arduino IN1 402
FSR2
Arduino IN4 Arduino IN2 402
R4 R3 R1
18k 18k 18k

Fig. 2. Schematic of the conditioning circuit. The 5 V and ground pin are accessible
from the Arduino board.

A previous version of the prototype used different sensor models and resistance
values in the voltage divider [9]. In the following we will see that optimizing these
two components leads to substantial improvements.

2.1 Characterization of the FSR

Interaction designers know that Interlink force sensors have good response in
front of rapid and large changes in the applied force [I0], and they are also
especially robust [T1]. Thus, they are suitable for detecting forces such as those
typically exerted by the foot during gait. For their small size, the model 400
and model 402 are the only Interlink products that can find place inside a shoe
without risk of breaking due to excessive mechanical deformation. Although
quite similar, the model 400 overall exhibits a different behavior compared to
the 402 [12]: in our previous prototype, a good balance between front and rear
sensitivity had been achieved by placing a model 400 under the heel and a 402
under the toe.

While changing shoe model during the development of the current prototype,
we found that the model 400 reaches mechanical saturation much faster than
the 402. This overall unbalanced the acquisition of the data. Clearly, the foot
pressure had a different distribution in the new sole.

Measurements have then been made to characterize their behavior. The same
measurements furthermore proved useful to characterize the nonlinear behavior
of the overall system, caused by the electrical coupling between the FSR and the
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Fig. 3. Characterization of the FSR. (left) Mechanical setup. (right) Voltage divider
for the acquisition of measured forces.

analog-to-digital converter (ADC) in the Atmel microcontroller on-board the
Arduino [13].

A manual wooden press has been built, and mounted onto a weighing scale.
This press had an interchangeable termination, providing mechanical matching
with the active area of the sensor. With this simple setup, we could read the
value of the force exerted by the press over the sensor. Fig. Bl (left) shows the
setup.

The voltage divider containing the FSR was connected to the Arduino analog
input as shown in Fig. Bl (right), then pressed. As a result of this simple test,
several sets of curves have been obtained for each sensor mapping force into
ADC values, for changing values of the resistance R1 in the voltage divider. In
practice, each curve represents the relationship between the applied force and
the ADC output (ranging from 0 to 1023) for a specific value of R1. Fig. @l
displays the corresponding plots, respectively for sensors model 400 (a) and 402
(b). Their inspection shows that the system is more linear when using the model
402.

All measurements were made by choosing standard resistance values for R1
below 100 k{2. Smaller values result in a smoother response that furthermore
reduces the dynamic range, particularly with the model 402. This means that
when the FSR reaches mechanical saturation, the voltage across R1 is below
the maximum input voltage of the ADC (5 V). Conversely, values amounting to
more than 100 k{2 introduce a strong nonlinearity. Choosing R1 = 18 k{2 results
in a good compromise between range and linearity of the system.

In conclusion, the model 402 has been preferred for all sensing points and
the resistance in the voltage dividers has been set to 18 k{2: these choices have
substantially improved the sensitivity of our instrumented shoes. Besides our
specific application case, a simple measurement experience like the one described
here can reward each time an FSR must be coupled to an ADC in an acquisition
system of interest.
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(b) Model 402.

Fig. 4. Force/ADC maps for changing values of R1

3 Firmware

A good firmware program can enable the cheap hardware on-board the Arduino
to perform as an effective front-end for data acquisition from the sensors. A
reliable analog-to-digital conversion along with a low-latency transmission of the
acquired data are in fact necessary to achieve this goal, when designing a real
time interactive system providing instantaneous feedback. The essential tasks of
the Arduino are illustrated in Fig.
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Fig. 5. Blocks of the data acquisition module

The firmware employed in the previous prototype of the interactive shoes
included an application program, that repeatedly read the four values coming
from the respective analog inputs through a traditional polling procedure nested
inside a main loop [9]. Then, data were filtered in such a way that a packet
containing the values was sent only if two subsequent samples differed at least
by a given threshold. Concerning the serial transmission, we sent to the host
packets made of four ADC values separated by a space character. Each packet
ended with a separator (end of line) character.

Both the polling sequence and the transmission routine have been written us-
ing functions and procedure calls provided by the Arduino SDK. The use of this
framework allows to write code very easily, thanks to the good level of abstrac-
tion provided by the embedded C++ API. Unfortunately the compiled program
is often not efficient enough, especially if running on applications requiring a
constantly low latency during the acquisition of uniform data flows.

In our case, the unconditioned use of the API affected the reliability of the
analog-to-digital conversion and the constancy of the transmission rate of the
serial connection over USB from the Arduino to the host. In fact, the previous
firmware used the analogRead function, which, as a normal practice in acquisi-
tion procedures of this kind, was called for every channel during polling. As a
consequence, the sampling frequency could not be kept stable: the main loop in
fact can be interrupted at any moment, and it takes an unpredictable time for
the system to return to the application program.

The transmission was managed using the Serial.print function, which prints
out data to the serial port in the form of ASCII characters. In particular, every
number digit was printed using the respective character. Once again, the API-
based solution is quite standard and easy to be coded, but poorly performing.
For instance, transmitting four 10-bit values requires, in the worst case (i.e., all
the four values greater than 1000), 8 -4 -4 4 8 -4 = 160 bits.

Interrupts can introduce heavy jitter. In the Arduino this problem is a conse-
quence of the weak control of the low level structures inside the microcontroller
through the API. In essence, the Arduino is not provided with resources capable
to handle both processes in parallel:
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— the ATMegal68 is a single-thread machine, thus when the CPU is handling
the ADC interrupt it cannot (among other things) transmit data over the
serial connection;

— the Arduino USB connection is controlled by a FTDI FT232RL chip, which
emulates a serial RS-232 connection over a USB line.

A consequence of the first point is that sampling with an exceedingly high fre-
quency is unsafe since some values would be inevitably lost. The second point
deals with the buffers that are present on the transmitter (inside the FTDI chip)
and the receiver (in the USB controller driver, run by the operating system of
the host computer). These buffers are governed by independent schedulers and
procedures [I4], and a low-level debugging of their mutual activity is a hard task.

As it often happens in this kind of architectures, the best performance is
achieved by writing part of the code in assembly language at the cost of de-
creased readability and portability. A solution in between, that can be adopted
with AVR-compliant microcontrollers like the ATMegal68, is to write programs
encoding APT calls and AVR Libc instructionsd together.

In the current firmware, we have set the ADC to work in free-running mode.
Under this mode, the ADC interrupts the program only when the acquisition on
the selected channel is completed. The sampling frequency can be selected by
setting the ADC prescaler bits (ADPS) in the ADCSRA register. In free-running
mode, a single conversion takes 13.5 CPU cycles, thus the sampling frequency
turns out to be equal to F's = (16/13.5)/P MHz, where P represents the value
of the prescaler.

Furthermore, a custom transmission protocol has been implemented [15]: bi-
nary data are transmitted instead of ASCII values using the Serial.write
function. Every packet is formed by two bytes, Byrsp and Bpsp, such that
their juxtaposition is By;sp Brsp = 1CCCCVVV OVVVVVVV. In this struc-
ture, the four bits denoted with C encode the channel number (16 channels are
allowed), whereas the ten bits denoted with V encode the measured value thus
guaranteeing sufficient accuracy for the acquired force. In the end, each sensor is
assigned to a different channel. Hence, sending four values (one for each channel)
using this protocol occupies a constant packet size, equal to 8 - 2 - 4 = 64 bits.

3.1 Uniform Sampling of Force Data

We opted for a reliable, although not necessarily optimal assignment of the sys-
tem variables in the new firmware, by empirically determining the transmission
rates of in absence of drop-outs.

An oscilloscope was connected to a digital pin of the board. The pin was set at
the beginning of the ADC routine, and was reset at the end of the same routine.
The ADC routine called the transmission procedure only when the transmission
buffer was full.

3 http://www.nongnu.org/avr-1libc/
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When sending a cluster of bytes (i.e., a buffer) with the Serial.write func-
tion, the Atmel performs a serial transmission of data to the FTDI chip’s buffer.
For what we said above, data are sent on the USB line according to specific
handshaking and buffering policies that in principle vary with the transmit-
ter /receiver protocol.

The observations made on the oscilloscope uncovered that the serial trans-
mission from the Atmel to the FTDI chip requires a large amount of CPU time.
The values coming from the ADC which fall into this bottleneck are lost. For
this reason we set the prescaler to P = 128, even if lower values are allowed.

By setting the buffer size to 2 bytes we obtained a regular sequence of im-
pulses from the probed pin, testifying uniform sampling. In practice, this buffer
size ensured that the transmission time is shorter than the sampling time. At
this point, a linear relationship between the transmission rate and sampling fre-
quency can be figured out. Table [ lists possible choices complying with this
relationship.

The values showed in Table [l must be divided by the number of input chan-
nels, if a polling procedure is implemented. In our application, involving four
channels, the sampling frequency per channel is Fy = 5882/4 ~ 1470 Hz. Con-
sidering that the FSR’s have a response time of about 2 ms [12], a latency that
is certainly smaller than any human response to psychophysical cue changes, the
obtained sampling frequency is well above twice as much the Nyquist limit of
1/0.002 = 500 Hz.

Table 1. Relationship between sampling frequency (F,) and transmission rate
(TXrate). Values per single channel. Prescaler set to 128.

TXrate [baud][[9600]19200]38400[57600]115200
T, [ms] 2.1 [1.04 [052[0.36 ] 0.17
F, [Hz] 476 | 961 | 1923 | 2778 | 5382

4 Results and Conclusions

Fig. [6 shows some plots of force signals recorded using the proposed system.
These plots provide evidence of a substantial absence of noise and jitter in the
data. If perhaps not accurate enough for applications where extremely high res-
olution is mandatory, such data is suitable for most interaction design and other
applications.

In our case the force signals are sent to the host computer for further process-
ing [16]. Still, for many other acquisition processes requiring similar performance
and cost, we think that designers and others can make profitable use of the so-
lutions and tests described in this work.
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Fig.6. Force plots. Red = left heel, green = left toe, blue = right heel, ma-
genta = right toe.
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