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Wearable and Biosensing group

• Prof. Alessandro Tognetti Eng. Nicola Carbonaro
• Eng. Lucia Arcarisi, Eng. Francesca Giannetti , Eng. Carlotta Marinai

• Work group Research Interest:  
• design and development of wearable multisensory technologies for 

measurement and analysis - outside the laboratory and during daily activities 
- of posture, human movement and physiological signals
• development of soft sensors (flexible, e-textiles), non-invasive biomedical devices and 

sensory fusion 
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Wearable sensors: general idea and 
technological challenge

Working principles and realization of 
textile sensors for pressure detection

Examples of application scenarios 
and results obtained
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Wearables and smart objects

• Anything a person wears or interacts with can become a tool to 
extract body parameters
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composed of multilayer, conductive and piezo-resistive fabric that allows for multi-taxel measurements.
The fabric substrate makes the sensor soft, light, and conformable to natural shapes. The force
measurement range is [0.1 � 30] N, thus covering the range of grasping forces observed in human
daily-life activities [39]. The multi-taxel sensor design mimics the distribution of mechano-receptors in
the human hand, achieving spatial resolutions of less than 1 cm in the fingertips and less than 3 cm in
the palm.

In the current work, we integrated the kinaesthetic and tactile sensing gloves to develop a
unique hand monitoring interface. In particular, we have conceived grasping experiments where the
kinaesthetic glove was worn underneath the tactile one, while both the kinematic and kinetic signals
were acquired and interpreted. A dedicated software developed in ROS enables to synchronize data
acquisition and implements result visualization through a realistic dedicated hand model. Preliminary
experiments performed with one participant show a good level of reliability. In this manner, we also
demonstrate the feasibility of the here proposed approach, which encourages us to further proceed
towards a more effective hardware integration. At the same time, a thorough quantitative validation
and exploration of potential application fields are envisioned.

2. Materials and Methods

2.1. Kinaesthetic Sensing

The kinaesthetic sensing glove reconstructs the hand poses associated to daily life
grasping activities. The key design objectives were: (i) hand pose reconstruction according to
a 19 degrees of freedom kinematic model of the human hand; (ii) real time performance; and
(iii) wearability, which is a key aspect to enable the glove employment during daily life activities
(e.g., rehabilitation, robotic tele-operation, entertainment, etc.).

2.1.1. Textile-Based Goniometers

We employed “e-textile” goniometers based on knitted piezoresistive fabrics (KPFs). As described
in our previous studies [31,32], KPF goniometers are made of two identical piezoresistive layers that
are coupled through an electrically insulating textile. As shown in Figure 1(a), we fold a single KPF on
the insulating layer to obtain the goniometer. The theoretical working principle assumes the flexion
angle (q), defined as the angle between the tangent planes at the sensor extremities (Figure 1(b)), to be
proportional to the difference of the electrical resistance (DR) between the two layers.
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Figure 1. Textile goniometer made of two knitted piezoresistive fabric (KPF) layers. (a) The two
conductive KPF layers (in black) are coupled through the electrically insulating stratum (in light gray).
The device has six connecting pads for power supply and signal acquisition (pi, i = 1, ..., 6, in dark
grey); (b) The difference of electrical resistance (DR) between the two sensing layers is proportional to
the flexion angle (q), defined as the angle between the planes tangent to the sensor extremities.
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Pressure sensing surfaces

Current focus
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Basic principle: resistive matrix method
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Sensing mattress for the Smart Bed
Array of 13 × 15 piezoresistive elements spread over an area of 125 ×
75 cm.

Slight modification of the classic resistive matrix method 

Flexible, non stretchable.

Piezoresistive fabric: CARBOTEX 03-82 by SEFAR AG (Heiden, 
Switzerland). 
Top and bottom layers: PET fabric with integrated evenly-spaced 
metallic stripes (from SEFAR AG). 

Sleep posture
Subject movements
Respiratory activity
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M. Laurino et al.: Smart Bed for Non-Obtrusive Sleep Analysis in Real World Context

FIGURE 9. Confusion matrix related to the performance of the
behavioural conditions classification (decision tree algorithm) regarding
the condition-training group, with four classes: no bed occupancy,
wakefulness, non-REM sleep, and REM sleep. The positive predictive
values and false discovery rate are reported.

accuracy was about 86%, and specifically (see the confusion
matrix in Figure 9): 99% for ‘‘no bed occupancy’’, 83% for
‘‘wakefulness’’, 83% for ‘‘non-REM sleep’’, and 79% for
‘‘REM sleep’’.

Figure 10 reports the variation in estimated heart rate,
breathing rate, motion and behavioural conditions as a
function of time (in epochs) for one subject in the condition-
training group. Within each epoch, the estimated physio-
logical and environmental information (see II-E.2 section)
is used as input in the automatic classifier to evaluate the
related behavioural condition. The behavioural condition pat-
tern assesses the sleep macrostructure (sleep staging) of the
subject and can reproduce the hypnogram.

Figure 11 reports the time course of the SQI and EQI for a
subject in the long-testing group, monitored with the Smart-
Bed for 60 days continuously. As regards the environmental
quality, the deviations in environmental parameters from the
optimal ranges are also reported. A comparison of the time
courses suggests that sub-optimal environmental conditions
have contributed to non- fully restorative sleep. However,
it seems that the subject adapted to the environmental condi-
tions (from day 27), demonstrating an improvement in sleep
quality. During the durability tests, no functional issues, data
losses or hardware faults were reported.

IV. DISCUSSION
The results of Section III show that our mattress is a valid
unobtrusive solution for detecting physical, physiological,
and environmental parameters.

FIGURE 10. Physiological signals and behavioural conditions estimated
from the data collected by Smart-Bed for a subject (condition-training
group) during sleep. The estimated data are heart rate (beats per minute,
bmp), breathing rate (bpm) and motion (movement detected or not). The
time unit is the epoch (30 seconds).

FIGURE 11. Single subject continuously monitored for 60 sleep nights.
The time course of the Sleep Quality Index (SQI, seven-level index) and
the Environmental Quality Index (EQI, dichotomic index) are shown in the
upper and lower panels, respectively. In the lower panel, for each
parameter contributing to EQI, up-pointing red triangles and
down-pointing blue triangles for each day indicate whether the
corresponding parameter exceeded or losing to the optimal range,
respectively.

To the best of the authors’ knowledge, our mattress is
the only in-bed solution that can simultaneously detect posi-
tion and motion as well as breathing and heart activity.
The WhizPad [15] and the Kinotex [22] were tested for
posture/motion and breathing detection, while the solution
developed by Kortelainen [23] was assessed for breathing
and cardiac activity detection (i.e. no static postures due to
the piezoelectric technology). The other examples cited in
Section I ( [18]–[20], [24]) focus on the measurement of a
single parameter (position/movement or a single physiologi-
cal parameter).

It should also be emphasized that some of the examples in
the literature show a much higher performance with regard
to the spatial resolution of the pressure mapping system.
For example, the XSENSOR pressure mapping system [25],
tested in [18] to prevent ulcers, has 6136 sensing areas
(52 rows x 118 columns) that can be scanned at a rate
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The WhizPad [15] and the Kinotex [22] were tested for
posture/motion and breathing detection, while the solution
developed by Kortelainen [23] was assessed for breathing
and cardiac activity detection (i.e. no static postures due to
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Limitations of the resistive matrix method: 
the sensing sock case study
• Advantages
• Easy fabrication 
• Low number of electrical contacts
• Mechanical robustness

• Limitations
• Complexity of signal routing 
• Cross talk between sensors 
• Non suitable for stretchable application

• Not suitable for personal wearable 
devices 
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Gait Analysis in daily life as gold 
standard for disease prediction

Normal gait speed is the 
“holy grail” for the 

assessment of loss of 
mobility

SYSTEMATIC REVIEW
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Abstract
Rationale, aims and objectives Walking speed is an important performance variable, but
information on the minimal clinically important difference (MCID) for the measure has not
been consolidated. In this review, we aimed to summarize information on the MCID for
change in comfortable gait speed measurements for patients with pathology.
Methods Relevant literature was identified by searches of four databases (PubMed, Web
of Knowledge, CINAHL and Scopus), hand searches and consultation with an expert.
Inclusion required that articles reported a MCID for comfortable gait speed measurements.
Articles were excluded if the MCID was not determined using receiver operating charac-
teristic (ROC) curve analysis. Articles were abstracted for information on participants,
interventions, gait speed documentation and the determination of MCID. Quality was
assessed using a hybrid 9-item (0–18 point) instrument.
Results Seven articles were selected based on inclusion and exclusion criteria. The popu-
lations studied included stroke (n = 3), hip fracture (n = 2), multiple sclerosis (n = 1) and
mixed (n = 1). Using 13 different anchors the studies reported MCIDs of 0.08–0.26 m s!1.
All but three of these MCIDs were between 0.10 and 0.20 m s!1. All MCIDs for which the
area under the ROC curve exceeded 0.70 were between 0.10 and 0.17 m s!1.
Conclusions Changes in gait speed of 0.10 to 0.20 m s!1 may be important across multiple
patient groups.

Introduction
Next to private cars, walking is the chief means by which humans
get from place to place in the United States and Europe [1].
Maintenance of ambulatory status, therefore, is understandably
important to human beings [2]. Although speed is only one of
many aspects of gait that can be measured, it is gaining increased
recognition as an important variable. The speed at which individ-
uals walk has implications for functioning in the community [3,4]
and is predictive of outcomes such as incident health events [5,6],
rehabilitation length of stay and discharge disposition [7,8], post-
operative morbidity [9], and mortality [9–11]. Gait speed has been
recommended for use as a vital sign [12,13].

Numerous investigators have described the reliability and
validity of gait speed measurements. Responsiveness, which is
the ability of a measure to detect real changes over time [14], has
received less attention. This is consequential as specifics relative
to responsiveness provide a basis for judging whether patients
have experienced a real or important change over the course of

time. Responsiveness can be described using any of several sta-
tistics, which are sometimes dichotomized as either distribution
based or anchor based [15]. Distribution-based statistics, includ-
ing effect size, standardized response mean and minimum
detectable change, have been reported for gait speed. However,
Turner et al. have suggested that distribution-based approaches
‘should act only as temporary substitutes, pending availability
of empirically-established anchor-based’ values [16]. Probably
the best known of anchor-based indicators of responsiveness is
the minimal clinically important difference (MCID). The MCID
can be derived in several different ways [17], but use of receiver
operator characteristic curve (ROC) analysis may be the most
unbiased and valid method [18]. It facilitates the identification of
a MCID based on a cut point that maximizes sensitivity and
specificity.

Although we were aware of studies reporting a MCID for com-
fortable gait speed, we were uncertain of the number of studies
employing ROC analysis or of the specifics of their findings.
We therefore undertook this systematic review to summarize
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Background

One of the main characteristics of the elderly population is
its heterogeneity and older people at a same range of age show
a wide variance with regard to their risk of disability, cognitive
impairment, hospitalisations, institutionalisation, falls, and
mortality. To prevent these adverse outcomes, population-based
intervention programs should be targeted at the population at
risk. A feasible and valid screening tool available for research
and clinical settings is therefore required to identify target
populations. Although many single and composite tools are
proposed, none are consensual, most are time-consuming while
evaluating different domains of impairments, and many are not
validated. This tool should have the capacity to easily identify

from the community-dwelling population, those older people at
risk of adverse outcomes in order to implement primary
preventive measures. The task to find a single, reliable, valid,
sensitive (not necessarily specific), cheap, safe, quick and
simple tool that identifies older people at risk is not yet
resolved.

During the past ten years, gait speed has been repeatedly
reported as an appealing instrument to be implemented both in
research and clinical settings to evaluate older people at a high
risk of adverse outcomes (1). Evans and colleagues recently
stated that gait speed was the functional test closest to be ready
for pharmacological trials (2). In the line with previous articles,
Guralnik and colleagues expressed that of the available
physical performance measures, usual gait speed may represent

GAIT SPEED AT USUAL PACE AS A PREDICTOR 
OF ADVERSE OUTCOMES IN COMMUNITY-DWELLING OLDER PEOPLE 

AN INTERNATIONAL ACADEMY ON NUTRITION AND AGING (IANA)
TASK FORCE
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Abstract: Introduction: The use of a simple, safe, and easy to perform assessment tool, like gait speed, to
evaluate vulnerability to adverse outcomes in community-dwelling older people is appealing, but its predictive
capacity is still questioned. The present manuscript summarises the conclusions of an expert panel in the domain
of physical performance measures and frailty in older people, who reviewed and discussed the existing literature
in a 2-day meeting held in Toulouse, France on March 12-13, 2009. The aim of the IANA Task Force was to
state if, in the light of actual scientific evidence, gait speed assessed at usual pace had the capacity to identify
community-dwelling older people at risk of adverse outcomes, and if gait speed could be used as a single-item
tool instead of more comprehensive but more time-consuming assessment instruments. Methods: A systematic
review of literature was performed prior to the meeting (Medline search and additional pearling of reference lists
and key-articles supplied by Task Force members). Manuscripts were retained for the present revision only when
a high level of evidence was present following 4 pre-selected criteria:  a) gait speed, at usual pace, had to be
specifically assessed as a single-item tool, b) gait speed should be measured over a short distance, c) at baseline,
participants had to be autonomous, community-dwelling older people, and d) the evaluation of onset of adverse
outcomes (i.e. disability, cognitive impairment, institutionalisation, falls, and/or mortality) had to be assessed
longitudinally over time. Based on the prior criteria, a final selection of 27 articles was used for the present
manuscript. Results: Gait speed at usual pace was found to be a consistent risk factor for disability, cognitive
impairment, institutionalisation, falls, and/or mortality. In predicting these adverse outcomes over time, gait
speed was at least as sensible as composite tools. Conclusions: Although more specific surveys needs to be
performed, there is sufficient evidence to state that gait speed identifies autonomous community-dwelling older
people at risk of adverse outcomes and can be used as a single-item assessment tool. The assessment at usual
pace over 4 meters was the most often used method in literature and might represent a quick, safe, inexpensive
and highly reliable instrument to be implemented.
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Gait Speed rather than Dynapenia 

Is a Simple Indicator for Complex 

Care Needs: A Cross-sectional 

Study Using Minimum Data Set
Tzu-Ya Huang1,2, Chih-Kuang Liang1,3,4,6, Hsiu-Chu Shen1,3, Hon-I Chen2, Mei-Chen Liao1, 
Ming-Yueh Chou1,4, Yu-Te Lin1,3 & Liang-Kung Chen4,5

The impact of dynapenia on the complexity of care for residents of long-term care facilities (LTCF) 

remains unclear. The present study evaluated associations between dynapenia, care problems and 
care complexity in 504 residents of Veterans Care Homes (VCHs) in Taiwan. Subjects with dynapenia, 
defined as low muscle strength (handgrip strength <26 kg), were older adults with lower body mass 
index (BMI), slow gait speed, and higher numbers of Resident Assessment Protocol (RAP) triggers. After 
adjusting for age, education, BMI, and Charlson’s comorbidity index (CCI), only age, education, BMI 
and gait speed were independently associated with higher numbers of RAP triggers, but not dynapenia 

or handgrip strength (kg). Dividing subjects into groups based on quartiles of gait speed, those with 
gait speed !0.803 m/s were significantly associated with higher complexity of care needs (defined as 
"4 RAP triggers) compared to the reference group (gait speed >1 m/s). Significantly slow gait speed 
was associated with RAP triggers, including cognitive loss, poor communication ability, rehabilitation 
needs, urinary incontinence, depressed mood, falls, pressure ulcers, and use of psychotropic drugs. In 
conclusion, slow gait speed rather than dynapenia is a simple indicator for higher complexity of care 
needs of older male LTCF residents.

Advanced age and aging is characterized by complex interrelationships between functional decline, multimorbid-
ity, geriatric syndromes and existing disability. !e synergistic e"ects of multimorbidity and geriatric conditions 
may, in turn, result in greater adverse impacts to the health status of older adults1, 2. !e adverse e"ects of geriatric 
syndromes such as falls, disability, functional decline, cognitive impairment and mortality on older adults have 
been reported extensively3–6. Over two-thirds of older patients present with geriatric syndromes before being 
admitted to acute-care hospitals, and many of them continue to acquire new geriatric syndromes during hospi-
talization7. People with multimorbidity and geriatric conditions usually receive more intensive and complex care 
plans. In the United States, for example, these patients account for more than 80% of Medicare expenditure8. In 
2011, the National Institute on Aging recommended that, to improve quality of care, older adults with multiple 
chronic conditions should complete a brief initial composite measure, including general health, pain, fatigue, and 
physical health, mental health and social role function, along with gait speed measurement9. It is reasonable then 
that early identi#cation of complex care needs through the evaluation of composite measures among residents of 
long-term care facilities (LTCF) may facilitate the development of comprehensive care plans.

Sarcopenia and/or dynapenia are reported to be more prevalent among LTCF residents than among 
community-dwelling older adults10, 11. Sarcopenia was #rst described by Rosenberg et al.12 and is characterized 
by an age-related loss of skeletal muscle mass. However, longitudinal study of associations between muscle mass 
and functional decline13 and early death14, 15 showed that the contribution of lower muscle mass on certain health 
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Abstract
Background. Functional independence with aging is an important goal for individuals and society. Simple prognostic indicators can inform 
health promotion and care planning, but evidence is limited by heterogeneity in measures of function.
Methods. We performed a pooled analysis of data from seven studies of 27,220 community-dwelling older adults aged 65 or older with baseline gait 
speed, followed for disability and mortality. Outcomes were incident inability or dependence on another person in bathing or dressing; and dif!culty 
walking " – # mile or climbing 10 steps within 3$years.
Results. Participants with faster baseline gait had lower rates of incident disability. In subgroups (de!ned by 0.2 m/s-wide intervals from 
<0.4 to %1.4 m/s) with increasingly greater gait speed, 3-year rates of bathing or dressing dependence trended from 10% to 1% in men, 
and from 15% to 1% in women, while mobility dif!culty trended from 47% to 4% in men and 40% to 6% in women. The age-adjusted 
relative risk ratio per 0.1 m/s greater speed for bathing or dressing dependence in men was 0.68 (0.57–0.81) and in women: 0.74 (0.66–
0.82); for mobility dif!culty, men: 0.75 (0.68–0.82), women: 0.73 (0.67–0.80). Results were similar for combined disability and mortality. 
Effects were largely consistent across subgroups based on age, gender, race, body mass index, prior hospitalization, and selected chronic 
conditions. In the presence of multiple other risk factors for disability, gait speed signi!cantly increased the area under the receiver operator 
characteristic curve.
Conclusion. In older adults, gait speed predicts 3$year incidence of bathing or dressing dependence, mobility dif!culty, and a composite 
outcome of disability and mortality.

Key Words: Gait speed—Disability—Mortality—Mobility—Performance

Maintaining functional independence with aging is important to 
individuals and society (1–3). Efforts to promote independence are 

most effective when they can be individualized based on risk (4–6). 
Disability risk is related to age, poor health, cognitive impairment, 
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Abstract: We describe the development and preliminary evaluation of an innovative low-cost wear-
able device for gait analysis. We have developed a sensorized sock equipped with 32 piezoresistive
textile-based sensors integrated in the heel and metatarsal areas for the detection of signals associated
with the contact pressures generated during walking phases. To build the sock, we applied a sensing
patch on a commercially available sock. The sensing patch is a stretchable circuit based on the
resistive matrix method, in which conductive stripes, based on conductive inks, are coupled with
piezoresistive fabrics to form sensing elements. In our sensorized sock, we introduced many relevant
improvements to overcome the limitations of the classical resistive matrix method. We preliminary
evaluated the sensorized sock on five healthy subjects by performing a total of 80 walking tasks at
different speeds for a known distance. Comparison of step count and step-to-step frequency versus
reference measurements showed a high correlation between the estimated measure and the real one.

Keywords: gait analysis; textile sensors; daily life monitoring; smart textiles

1. Introduction

The way we walk consists of repeated step cycles, which include a predefined sequence
of gait phases (heel-strike, stance, heel-off, and swing). Both temporal (e.g., cadence,
support time, step time, single support time, and double support time) and spatial (e.g.,
step length, stride length) characteristics of gait are important for evaluating a disease aand
for defining and optimizing its treatment [1–3]. Gait analysis exploits the extraction of
both temporal and spatial parameters of gait for the evaluation and treatment of patients
suffering from a large number of pathologies that affect walking [4].

The pathologies related to walking alterations are many and of different natures,
ranging from neurodegenerative to chronic pathologies. Neurodegenerative diseases
are a major cause of disability among older people. It is estimated that a very high
number of patients suffer from Parkinson’s or Alzheimer’s, with numbers that will rapidly
increase in the near future [5,6]. Many studies have shown that gait alterations are one
of the first observable effects in patients suffering from neurodegenerative diseases [7,8].
For example, people with Parkinson’s disease have difficulty starting or finishing steps
(akinesia [9]), walk slower than normal [10], and walk with shorter steps than normal [11].
With regard to chronic pathologies, for example, chronic obtrusive pulmonary disease
(COPD) patients have alterations in gait patterns such as reduced stride length, increased
time in double support, reduced cadence, and greater walking variability [12]. The speed
of gait slows as COPD severity increases and correlates with clinical symptoms, lung
function, and quality of life scores [13]. Walking speed (i.e., obtained by combining spatial
and temporal parameters) is a predictor of readmission risk in patients admitted for acute
COPD exacerbation [14]. Regardless of the pathology, walking speed is considered a reliable
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2.5. Laboratory Tests

To demonstrate the ability of our sensorized sock to detect significant parameters
of the gait cycle, we carried out walking tests on 5 subjects (five young healthy women
with height between 162 cm and 178 cm and weight between 54 kg and 73 kg, for other
characteristics refer to Table 1). We asked each subject to walk in a corridor while wearing
the two socks (i.e., left foot and right foot, see Figure 4).

Table 1. Subjects Characteristics.

Age

(Mean ± SD)
Sex

Height [cm]

(Mean ± SD)

Weight [Kg]

(Mean ± SD)

Foot Size

(Mean ± SD)

25.6 ± 1.96 F 168.3 ± 6.6 62.6 ± 9.3 38.8 ± 1.7

Figure 4. The sensorized sock prototypes. The left side of the figure shows the prototype details,
highlighting the location of the 12 electrical connections (3 blocks of 4 silver pads) and the electronic
unit with the dedicated magnetic connector. The picture on the right shows the main screen of the
developed mobile application.

During the test, the subject walked for a known distance, 9 m, at different speed
(normal, slow, very slow, and fast). We wanted to test the system during free walking,
in those conditions that best represent the activities of everyday life. For this reason, we
have not foreseen the use of further laboratory equipment that could condition and/or limit
the movement of the subject. We used a video camera (RealSense D435 manufactured by
Intel) so that we could film the complete test of each subject. Then, we manually analyzed
the individual tests by noting the specific information of the subject’s walking activity such
as number of steps, time elapsed between one step and the next one, instant of time related
to heel strike, and toe-off events. This procedure was developed in order to have a reference
measurement to compare the parameters extracted from our sensorized sock obtained by
using the algorithms described in Section 2.4. We acquired a total of 80 trials (16 trials for
each subject). We processed the data through the algorithm described in Section 2.4 to
extract gait parameters such as step count and step frequency and compare the results with
the reference measurement.

3. Results and Discussion

3.1. Prototype and Raw Data

We have realized two sensorized socks and two electronic units, one for the left foot
and one for the right foot, and an Android application that allows one to display in real
time sensors data and to store locally. The sock chosen, having the shape of the heel and
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Modified resistive matrix method: the high-
heel sensing shoe

• WearArt project funded by Regione
Toscana and leaded by the shoe 
manufacturer Simone Martini srl

• Technological added value to a high 
quality high-heel shoe

• Pressure sensors “hidden” in the 
insole layer, without modifying the 
shoe look

II. MATERIAL AND METHOD

A. Shoes design and fabrication

To discriminate the weight distribution during walking we
decided to integrate pressure sensors in the rear and forefoot
regions of the shoe insole. In particular, we decided to integrate
3 sensors in the rear foot and 3 sensors in the forefoot (see
Fig. 2c). According to the biomechanics of the foot [14], we
considered this configuration the best trade-off between low
complexity and possibility to discriminate load distribution
in the condition of wearing high heel shoes. Moreover, the
same configuration of sensors can be employed for measuring
foot/ground force interaction to enable pressure-based gait
analysis [15].

In the first stages of the WEARART project we focused
on the footwear production chain, deepening our knowledge
on the production processes of heeled footwear. The goal
was to identify conductive materials and substrates for the
construction of sensors and electronics capable of integrating
into the production process and overcoming some critical
points of the production process (temperatures in use, applied
forces, machinery precision, possible wear phases). Once all
the different phases had been analyzed, we decided to integrate
a sensorized fabric layer in the shoe insole, as shown in
Fig.2. The sensorized fabric layer was made by combining
piezoresistive fabrics and screen printing of conductive inks on
textiles, already tested in our previous works [7]. This process
allows the transfer of the flexible circuit directly on the chosen
textile materials. The technique also allows the production of
flexible textile sensors with a customized shape, but through an
industrialized process, therefore scalable, repeatable and at low
cost that meets the requirements of the WEARART project.
To integrate the sensors we chose an elastic cotton fabric
for its lightness and low thickness which did not interfere in
shoe weight and production phases. For the first WEARART
prototype, we chose a shoe model, among the different types
available, with the dimensions of the heel (82.2 mm high and
40 mm wide). To house all the electronic components, we
designed and built a heel as a hollow structure through the
additive prototyping technique of Fused Deposition Modeling,
using a Stratasys F170 model 3D printer.

B. Electronic Unit

In the proposed prototype, each sensor behaves like a
variable resistor whose electrical resistance decreases as the
applied pressure increases. The sensing fabric layer includes
6 sensitive elements, 3 of which in the front foot area and
3 in the back. Each sensitive element is constituted through
the appropriate crossing of conductive stripes arranged in the
upper layer (rows), piezoresistive material arranged in the
center and conductive tracks of the lower layer (columns). The
matrix is constituted by three lines (Di) and two columns (Aj),
which activate the metatarsal and heel area respectively. The
electronic acquisition system has been designed to sequentially
select all six sensing elements using an Arduino Nano 33
BLE Sense board. In fact, the Di lines are connected to the

Fig. 1. a) Illustration of the complete prototype, showing the position of
the sensing sole and housing of the electronic unit in the heel. b) Picture
of the prototype. c) Representation of the pressure matrix sensor distribution
and functionality. On the left, the different layers used. In the center, the
position of the six sensing elements of the foot area. On the right, the electric
representation of the single sensing element.

digital port while the Aj columns to the corresponding analog
ones. In this way the single sensitive element (Sij) is selected
through the Di port activation (from ground to 3.3V) and
acquiring the corresponding analog channel Aj. The resistance
variation of each sensing element is measured by a voltage-
resistance divider, with a fixed resistance of 2.6KOhm, as
shown in Fig.1. The output signal is then fed to the Arduino
board, which performs the analog to digital conversion, the
elaboration and subsequent transmission to a smartphone via
Bluetooth Low-Energy (BLE) protocol.

Finally, a rechargeable LiPo battery, with dimensions com-
patible with the notch in the heel and with a small special
charging circuit, was selected to power the board. An illus-
tration of the complete prototype realized is shown in Fig.2.

Fig. 2. a) Final shoe prototype b) Prototype worn by the subjects, ready for the
acquisitions. c) A screenshot of the main activity of the Android application
developed. As explained, it is possible to see the data in real time, to save
and send them according to the user’s choice.

C. Firmware & Software

A firmware, designed with Arduino IDE, was uploaded
on the Arduino board to collect both the 6 pressure sensors
data and the values of the 9 axis IMU (LSM9DS1 chip
available on the board) with a sampling frequency of 25Hz.
To gather the data, we developed an Android application that
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Abstract—This work reports an innovative framework
toward the practical implementation of tactile sensors based
on electrical impedance tomography. Particularly, we tested
our framework on the development of a piezoresistive
insole-shaped sensor prototype. Our approach couples the
implementationof the forward model through a physics-based
general purpose FEM software and an ANN model for the
inverse problem solution. First, we developed a FEM for-
ward model in COMSOL Multyphysics, and we optimized the
parameters of the model to better resemble the prototype
characteristics. Then, we trained an ANN model with an “artificial” dataset generated by feeding the forward model
with a large set of different conductivity distribution samples and measuring the voltage at the boundary electrodes. For
comparison, we employed the forward model also to compute the sensitivity matrix, which is required to apply standard
linear reconstruction methods. We statistically compared the performance of the proposed machine learning approach
with those of standard linear reconstruction methods. The results on simulated data highlight the higher accuracy of
the ANN with respect to the other methods. In particular, the mean conductivity RMSE is 0.8 S/m. Finally, we tested our
approach with the physical prototype to evaluate the performance in touch position detection. Again, the ANN achieves
the minimum mean position error (5.74 mm), demonstrating the feasibility of using machine learning trained with artificial
datasets for solving the inverse problem in EIT-based tactile sensors.

Index Terms— Electrical impedance tomography, tactile sensing, machine learning, finite element modeling.

I. INTRODUCTION

TACTILE sensors are inspired by human receptors to
create large-area artificial skins capable of reconstructing

the entity and position of mechanical stimuli. For human-robot
interaction [1], prosthetics [2] and wearable devices [3] flex-
ibility and stretchability are particularly important to make
artificial skins able to adapt to non-standard surfaces and
shapes. However, how to integrate tactile sensors is still a
challenging task. In particular, the presence of rigid struc-
tures (wires, interconnections, circuits) on the detection area
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makes integration and use in real physical devices even more
difficult.

Recently, electrical impedance tomography (EIT) has been
explored as a valuable solution for building flexible and
conformable tactile sensors [4]–[8]. EIT is a non-intrusive
measurement technique to infer the conductivity distribution
within the sensing field from boundary voltage measurements.
It has been widely applied in several application scenar-
ios, such as biomedical imaging [9], [10], non-destructive
testing [11], [12], and monitoring of industrial proc-
esses [13]–[15]. EIT processing is a classical inverse prob-
lem aimed at estimating the conductivity that accomplishes
with the measured boundary voltages according to the drive
pattern. The EIT inverse problem is non-linear and severely
ill-posed [16] and is commonly solved relying on a finite
element (FE) model (the forward model) with high compu-
tational costs [17]. In addition, the conductivity estimation is
consistently affected by modelling errors related to contact
impedance and shapes/sizes of electrodes and boundaries [16],
[18]–[20]. A recent trend in EIT is to investigate how
learning techniques can aid in solving the ill-posed inverse
problem. As relevant examples, Liu et al. [15] proposed a
learning-based iterative algorithm by providing Bayesian
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explored as a valuable solution for building flexible and
conformable tactile sensors [4]–[8]. EIT is a non-intrusive
measurement technique to infer the conductivity distribution
within the sensing field from boundary voltage measurements.
It has been widely applied in several application scenar-
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testing [11], [12], and monitoring of industrial proc-
esses [13]–[15]. EIT processing is a classical inverse prob-
lem aimed at estimating the conductivity that accomplishes
with the measured boundary voltages according to the drive
pattern. The EIT inverse problem is non-linear and severely
ill-posed [16] and is commonly solved relying on a finite
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consistently affected by modelling errors related to contact
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Smart Bed: For non-invasive sleep quality assessment of COPD patients, we will employ the Smart-Bed prototype 
developed by CNR and UNIPI in the L.A.I.D9 project. The Smart-bed prototype [14,15,44] can reliably detect 
subject’s motion and position, physiological signals (heart rate and breathing rate) and environmental parameters 
(sound intensity, relative humidity, room temperature and luminosity). The Smart-Bed (see Figure 4) performs well 
compared to polysomnography and correctly classifies four behavioural conditions (no bed occupancy, wakefulness, 
non-REM sleep, and REM sleep), which 
are the basis for creating an objective 
sleep quality index. In TOLIFE, we will 
use the Smart-Bed prototype to extract 
patient’s sleep quality as well as 
physiological signals (heart rate and 
breathing rate) and environmental 
parameters (temperature, humidity, 
sounds).  
Smart-shoes: In the clinical practice, 
the loss of mobility is normally assessed 
through standard clinical tests such as the Six-Minute Walk distance (6MWD), which measures the distance an 
individual is able to walk over a total of six minutes on a hard, flat surface. Standard tests, such as 6MWD, give 
important information on patient average speed, but they do not evaluate the natural gait speed and they are not able 
to extract other gait characteristics (e.g., time in double support, walking variability). In TOLIFE, we will monitor 
patient walking patterns in daily life, indoor and outdoor, by using a sensorized shoe developed in the KI-FOOT10 
project by UNIPI and ADA as main partners. The smart shoe (see Figure 5) has five pressure sensors integrated under 
the insole to monitor the mechanical interaction of the foot with the ground. Three pressure sensors are under the 
forefoot, the remaining two are under the heel. The pressure sensors 
are custom-made piezo-resistive transducers produced by using a 
conductive material on a flexible substrate.  Force sensors are sampled 
at 50 Hz. A digital inertial measurement unit is integrated in the frontal 
part of the shoe. It consists of a 9-axis IMU inertial platform with a 
3D accelerometer, a 3D gyroscope and a 3D magnetometer. A 
Bluetooth transmission module is integrated with the rest of the 
electronic unit in the heel of the shoe to enable low-energy data 
transmission to a mobile device. A rechargeable battery allows a 
complete operation of the system for 48 hours. In this way, the shoes 
ensure a complete measurement of the characteristics of the static and moving foot. Being completely wireless 
controlled via a smart device, the subject is not conditioned during movement and can move freely and independently 
for several days. In previous studies from UNIPI, the KI-FOOT smart shoe was assessed for gait phase detection 
[45,46].  
Smartwatch: Smartwatches have the potential to be a rich and heterogeneous source of data related to input/output 
patterns (symptoms, psychophysiological signals, performance, environment, lifestyle). Several studies have focused 
using smartwatch for monitoring early signs of exacerbation in COPD with the aim of enabling proactive treatment. 
The studies from Wu et al. have demonstrated the feasibility of continuously monitoring consistent data related to 
sounds, heart rate, and physical activity in COPD patients [47]. In TOLIFE, we will employ smartwatches, at least 
endowed with the photoplethysmography (PPG) sensor, to collect patients’ data related to a wide range of parameters 
associated to modulating factors and patient responses: physiological signals (HR, HRV extracted from PPG, SpO2), 
physical activity, light exposure, sounds related to wheeze and cough or breathlessness, social interaction through 
sound recording or proximity sensing. 
Smartphone: Smartphones are equipped with several embedded sensors such as camera, global positioning system 
(GPS), accelerometer, gyroscope, magnetometer, ambient light sensor, touch sensor, pressure sensor, temperature 
sensor, proximity sensor and microphone. These sensors allow the measurement of a wide range of parameters [48] 
related to COPD modulating factors and patient responses: daily activity, light exposure, patient sounds (wheeze, 
cough, breathlessness), social interaction through voice recording or proximity sensing.   
Home IOT and environmental services: in TOLIFE, we propose to perform additional estimation of relevant 
modulating factors and patients’ responses by integrating in the collection platform home IOT sensors and 
environmental services. The body weight will be measured on a regular basis by using a smart weight scale with 

                                                      
9 Linking Automation to artificial Intelligence for revealing sleep Dysfunctions: www.ifc.cnr.it/images/Ricerca/progetti/LAID.pdf  
10 Sensorized shoe for gait analysis: www.unipi.it/index.php/risultati-e-prodotti/item/14401-ki-foot  

Smart bed

HR / HRV 
SpO2
Patient sounds
Mobility 
Light exposure

Mobility
Patient sounds
Social interaction
Light exposure

Sleep quality
Heart rate
Breath rate 
Environment 
patient sounds

10 of 45 
 

Smart Bed: For non-invasive sleep quality assessment of COPD patients, we will employ the Smart-Bed prototype 
developed by CNR and UNIPI in the L.A.I.D9 project. The Smart-bed prototype [14,15,44] can reliably detect 
subject’s motion and position, physiological signals (heart rate and breathing rate) and environmental parameters 
(sound intensity, relative humidity, room temperature and luminosity). The Smart-Bed (see Figure 4) performs well 
compared to polysomnography and correctly classifies four behavioural conditions (no bed occupancy, wakefulness, 
non-REM sleep, and REM sleep), which 
are the basis for creating an objective 
sleep quality index. In TOLIFE, we will 
use the Smart-Bed prototype to extract 
patient’s sleep quality as well as 
physiological signals (heart rate and 
breathing rate) and environmental 
parameters (temperature, humidity, 
sounds).  
Smart-shoes: In the clinical practice, 
the loss of mobility is normally assessed 
through standard clinical tests such as the Six-Minute Walk distance (6MWD), which measures the distance an 
individual is able to walk over a total of six minutes on a hard, flat surface. Standard tests, such as 6MWD, give 
important information on patient average speed, but they do not evaluate the natural gait speed and they are not able 
to extract other gait characteristics (e.g., time in double support, walking variability). In TOLIFE, we will monitor 
patient walking patterns in daily life, indoor and outdoor, by using a sensorized shoe developed in the KI-FOOT10 
project by UNIPI and ADA as main partners. The smart shoe (see Figure 5) has five pressure sensors integrated under 
the insole to monitor the mechanical interaction of the foot with the ground. Three pressure sensors are under the 
forefoot, the remaining two are under the heel. The pressure sensors 
are custom-made piezo-resistive transducers produced by using a 
conductive material on a flexible substrate.  Force sensors are sampled 
at 50 Hz. A digital inertial measurement unit is integrated in the frontal 
part of the shoe. It consists of a 9-axis IMU inertial platform with a 
3D accelerometer, a 3D gyroscope and a 3D magnetometer. A 
Bluetooth transmission module is integrated with the rest of the 
electronic unit in the heel of the shoe to enable low-energy data 
transmission to a mobile device. A rechargeable battery allows a 
complete operation of the system for 48 hours. In this way, the shoes 
ensure a complete measurement of the characteristics of the static and moving foot. Being completely wireless 
controlled via a smart device, the subject is not conditioned during movement and can move freely and independently 
for several days. In previous studies from UNIPI, the KI-FOOT smart shoe was assessed for gait phase detection 
[45,46].  
Smartwatch: Smartwatches have the potential to be a rich and heterogeneous source of data related to input/output 
patterns (symptoms, psychophysiological signals, performance, environment, lifestyle). Several studies have focused 
using smartwatch for monitoring early signs of exacerbation in COPD with the aim of enabling proactive treatment. 
The studies from Wu et al. have demonstrated the feasibility of continuously monitoring consistent data related to 
sounds, heart rate, and physical activity in COPD patients [47]. In TOLIFE, we will employ smartwatches, at least 
endowed with the photoplethysmography (PPG) sensor, to collect patients’ data related to a wide range of parameters 
associated to modulating factors and patient responses: physiological signals (HR, HRV extracted from PPG, SpO2), 
physical activity, light exposure, sounds related to wheeze and cough or breathlessness, social interaction through 
sound recording or proximity sensing. 
Smartphone: Smartphones are equipped with several embedded sensors such as camera, global positioning system 
(GPS), accelerometer, gyroscope, magnetometer, ambient light sensor, touch sensor, pressure sensor, temperature 
sensor, proximity sensor and microphone. These sensors allow the measurement of a wide range of parameters [48] 
related to COPD modulating factors and patient responses: daily activity, light exposure, patient sounds (wheeze, 
cough, breathlessness), social interaction through voice recording or proximity sensing.   
Home IOT and environmental services: in TOLIFE, we propose to perform additional estimation of relevant 
modulating factors and patients’ responses by integrating in the collection platform home IOT sensors and 
environmental services. The body weight will be measured on a regular basis by using a smart weight scale with 

                                                      
9 Linking Automation to artificial Intelligence for revealing sleep Dysfunctions: www.ifc.cnr.it/images/Ricerca/progetti/LAID.pdf  
10 Sensorized shoe for gait analysis: www.unipi.it/index.php/risultati-e-prodotti/item/14401-ki-foot  
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