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Abstract—Amputees using prostheses have a loss of
somatosensory functions that should be restored to ensure
a more stable grasp, slippage prevention, and protection
from unbearable stimuli. Several studies show the necessity
of integrating temperature sensors in prostheses to restore
thermal sensations. The performance of the used sensors is
usually not accurately analyzed when integrated into a pros-
thesis and a systematic testing protocol is generally missed.
This study aims to compare systematically and rigorously the
performance of commercial temperature sensors when inte-
grated into a prosthetic fingertip. Four thermal sensors were
selected. An experimental setup and a systematic testing
protocol for sensor assessment were devised. The sensors
were inserted into a 3-D printed fingertip and different object temperatures were considered. Moreover, a silicone layer
was added to simulate the presence of a cosmetic glove and various object-to-sensor inclination angles were tested
to reproduce a realistic contact. The optimal sensor for integration into a prosthetic fingertip was identified through a
statistical analysis of the obtained results. The infrared (IR) sensor was selected, as it exhibited an average rise time
< 0.01 s and of 0.04 ± 0.2 s, with and without silicone, respectively, and a mean error (ME) of 3.3 ◦C ± 5.1 ◦C and
4 ◦C ± 5.4 ◦C with and without silicone, respectively. All the tested sensors encountered a degradation of performance
when the fingertip was covered with silicone and positioned at the highest inclination. These observations emphasize
the significance of utilizing the presented standardized method, to evaluate the performance of thermal sensors in a
realistic environment.

Index Terms— Characterization protocol, prosthesis thermal sensors, sensorized prosthetic hands.

I. INTRODUCTION

THE human being is provided with a complex somatosen-
sory system, which enables the sensation of touch,

hot/cold, and pain thanks to various receptors, such as
mechanoreceptors, nociceptors, and thermoreceptors [1].
These receptors are located in the human body’s skin, with
a high density in the hand compared with the rest of
the body. The surrounding perception ensures the hand a
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stable grasp, slippage prevention, and also protection from
painful stimuli [2].

Endowing a prosthetic hand with a somatosensory system
similar to the human one could therefore enhance grasping
performance and prosthesis acceptability [3]. Including in
a closed-loop robotic prosthetic device the the capability of
conveying thermal information to the user is an important
aspect to artificially mimic the natural somatosensory system.
Thermal sensors embedded in the prosthetic fingertips can
detect objects temperature during manipulation. The data are
encoded by means of specific algorithms able to restore the
corresponding thermal sensation to the prosthesis user through
sensory feedback techniques [4].

Furthermore, the thermal information could be useful to
alert the prosthesis user of a dangerous situation or to control
the prosthesis behavior to prevent possible damage to the
prosthesis [5] and to the user [6], in case of contact with an
object at an unbearable temperature.

Despite the expected improvement provided by temper-
ature measures, there are still few examples of prosthetic
hands incorporating temperature sensors in the litera-
ture. Stefanelli et al. [7] reported technical specifications to
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select a sensor to be integrated into a prosthetic hand’s finger-
tips based on the human physiological characteristics in terms
of response time and accuracy, and on physical features, such
as object temperature range and size. In fact, the sensor’s fast
and accurate response is important for reproducing realistic
sensory feedback, allowing a prompt reaction in case of
unbearable temperature and informing the subject to make a
decision about the grasping task to avoid the risk of injury [6].
In [8], a commercial thermistor was chosen and integrated into
the fingertips of a low-cost prosthetic hand, in [9], a mul-
tisensor smart glove integrating commercial temperature and
humidity sensors was designed, while in [10], a myoelectrical
prosthetic hand, equipped with infrared (IR) thermometers,
was designed to measure the temperature without the physical
contact with the object. In [11], soft flexible thermistors
were developed and integrated into a prosthetic device to test
the performances, while in [4], active thermal skin made of
platinum was used to reproduce temperature sensations in the
phantom limb of an amputee. Moreover, in [12], a wearable
tactile sensor for both temperature and contact force sensing
was developed.

These studies emphasized the importance of temperature
sensors in this context, but they leave some aspects of analysis
still unexplored. For instance, in [8], the thermistor sensor
was tested at a temperature of about 130 ◦C, resulting in an
increase in the response time due to the silicone on the sensor.
In [11], the instrumented fingertip was put in contact with a
heated surface (170 ◦C) and a warm one (25 ◦C), resulting in
a good discrimination of the two thermal conditions; in [12],
the designed sensor was calibrated at a temperature of 25 ◦C
and 60 ◦C, and then, it was integrated into the prosthesis
and tested for three temperatures (25 ◦C, 50 ◦C, and 55 ◦C).
Therefore, thermal sensors are currently selected based only
on their stand-alone technical characteristics, without assessing
the potential impact of the final application and real conditions
on their performance. Thus, an important open issue is the
employment of a systematic assessment to select thermal
sensors, especially in realistic operative conditions, i.e., when
integrated into prosthetic hands. In fact, external factors could
influence the measures when using the sensors, particularly
with critical object temperatures. Furthermore, the sensor
placement as well as the presence of a cosmetic glove, used to
make the prosthesis more similar to human hands [13], could
impact both accuracy and response time. The latter factors
could affect the naturalness and acceptability of the prosthesis
in daily-life contests and discourage users from using it.

To overcome these important open issues that emerged
from the literature, this article proposes the first system-
atic and rigorous protocol to compare the performance of
temperature sensors when integrated into prosthetic fingers
and operating in realistic conditions. To achieve this, several
key methodological steps were followed. First, a specifically
designed setup was developed to characterize thermal sensors
in order to reproduce typical prosthesis operating conditions,
allowing for an accurate assessment of sensor performance in
a simulated real environment. Second, a testing protocol was
defined taking into account several variables, including the
change in the object temperature, the presence of a cosmetic

glove and the position of the sensors in the fingers. This
protocol guarantees the assessment of sensor repeatability,
which is crucial as sensors must maintain consistent per-
formance overextended periods, particularly when integrated
into prosthesis for everyday use. Third, specific parameters
and metrics were identified to evaluate the performance of
the thermal sensors, to assess whether they can guarantee a
response comparable to that of human hand receptors.

The adoption of the presented assessment protocol enables
us to take into account application-specific aspects that can
affect the performance of the sensors and which are typically
neglected. This allows for a more reliable and accurate sen-
sor selection process that is more consistent with the final
application and with specific real working conditions. More
specifically, we demonstrated how the protocol allowed the
identification of the most suitable thermal sensors to provide
accurate thermal feedback to the user in daily-life contexts,
thereby increasing prostheses acceptability.

This article is structured as follows. In Section II, the sen-
sors identification, the testing setup, the assessment protocol,
and the performance comparison are described. The results,
discussion, and conclusion are reported in Sections III–V,
respectively.

II. MATERIALS AND METHODS

The proposed study aims to compare the performance of
temperature sensors to be integrated into a prosthetic hand.

The sensors were selected by taking into account technical
specifications descending from the analysis of the character-
istics of human physiology and daily-used objects. Then, the
sensors were placed in contact with a temperature-controlled
aluminum object (thermal reference), and the following condi-
tions were tested: 1) stand-alone sensors: sensors performance
is analyzed; 2) uncovered embedded sensors: sensors are
integrated into a fingertip, varying the angular position of the
sensor in the fingertip to measure the performance in several
operative conditions; and 3) covered embedded sensors: the
fingertip was covered with a silicone layer to assess the perfor-
mance variations in the presence of a cosmetic glove. Although
silicone has poor thermal conductivity, it was selected for this
study since it represents the main material typically used for
cosmetic gloves in commercial prostheses. Finally, a sensor
was selected based on the performance analysis under the
previously described conditions.

A. Sensors Identification
The main requirements for the identification of the temper-

ature sensors are reported in Table I. In particular, the sensors
must be small enough to fit inside the fingertips, so the human
dimensions were taken as a reference [14], [15]; the sensors
should have similar characteristics to the humans in terms of
reaction time to thermal stimulus [16] and minimal thermal
variation detectable by the humans [17]. Finally, the sensors
should detect the temperature of all the daily life-used objects.

All the categories of commercial sensors were exam-
ined, such as IR, thermocouple (TC), negative temperature
coefficient (NTC) thermistor, and resistance temperature
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TABLE I
SPECIFICATIONS FOR THE SENSORS IDENTIFICATION AND ACTUAL TECHNICAL CHARACTERISTICS:

(SIZE, RISE TIME, ME, AND TEMPERATURE RANGE)

Fig. 1. Experimental setup. The three main components of the testing platform are reported: 1) positioning system; 2) sample holder; and 3) thermal
reference. (a) Sample holder houses the four isolated sensors or (b) single sensor within the 3-D printed fingertip connected through an adapter to
the rotational stage.

detector (RTD). The NTC and RTD are contact sensors whose
resistance varies as a function of temperature. TC consists
of two different conductors joined at one end and when
this junction experiences a temperature change, it generates
a voltage variation that can be acquired to determine the
temperature. Finally, the IR is a contactless sensor which
detects infrared radiation emitted by objects. Among the latter,
the sensors with the closest match to the physiological human
characteristics mentioned above were selected. Thus, the pros-
thesis device could behave more similar to a human, ensuring
greater acceptability by the user. In particular, the MLX90614
(Malexis), 5-TC-KK-30 (Omega), GA10K3MCD1 (TE Con-
nectivity), and PTFC102T1A0 (TE Connectivity) were ana-
lyzed. Moreover, the chosen sensors are all comparable in cost.
All the chosen sensors were calibrated based on the recom-
mendations from manufacturers’ datasheets [18], [19], [20],
and their technical characteristics are reported in Table I.

B. Testing Setup
The characterization procedure was carried on with the aid

of a custom testbed, which was adapted from the one described

in [21]. The adopted setup, reported in Fig. 1, is mainly made
of three components.

1) Thermal reference, an aluminum object (10 × 10 ×

2 mm3) mounted over a Peltier cell. The object tem-
perature is continuously controlled with a thermal
controller (TEC).

2) Positioning system, a three-axis Cartesian positioning
system that includes three linear stages (PI VT-80),
with dc motors controlled by one multiaxis driver
(PI C-884.4DC), whose main features are reported in
Table II. It was used to approach in a gradual and
controlled manner the thermal sensors to a temperature-
controlled object.

3) Sample holder, an interchangeable holder mounted on
the vertical axis of the positioning system, with two
possible configurations depending on the tested condi-
tion of the characterization protocol. The two holder
configurations are: 1) stand-alone sensors, where all the
sensors are integrated in a 3-D printed structure and
2) embedded sensors, where each sensor is integrated
into a 3-D printed fingertip.
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TABLE II
MAIN FEATURES OF THE POSITIONING SYSTEM

In configuration 1), the NTC, RTD, and TC sensors
are positioned to be in contact with the temperature-
controlled object. Since the IR sensor is based on
a contactless technology able to read the underlying
surface at an angle of 1.57 rad, it must be kept at a
distance of 1 cm from the temperature-controlled object
to allow optimal measurement of its temperature. The
distance was calculated as the optimal value to read only
the object temperature and not the surrounding area.
In configuration 2), the used fingertip was designed to
be integrated in the prosthesis IH2-Azzurra (Prensilia,
Pontedera, PI, IT). It was chosen since it has an open
platform for research and is therefore easily exploitable
to test different approaches. The sensors were placed
on the surface of the fingertip, apart from the IR
sensor which was enclosed into the fingertip due to its
larger dimensions. In this configuration, a silicone cover,
resembling the effect of a prosthesis glove, can be added.
A silicone layer of 1 mm (consistent with the literature
data [22]), was selected to match the thickness of the
majority of cosmetic gloves. Nonetheless, it should be
noted that different thickness values are expected to
affect the sensors response since the higher the thickness
the slower the heat conduction. The silicone layer was
produced to cover the entire fingertip including the sen-
sor, with the only exception of the IR, in correspondence
to which a hole was added. This solution was adopted to
avoid the IR would have measured only the temperature
of the silicone and not of the underlying object due to its
intrinsic feature of estimating the temperature only based
on the emissivity. Moreover, in this configuration, the
fingertip can be rotated with respect to the temperature-
controlled object thanks to a Newport 481-A Rotation
Stage, in order to validate the performance in several
realistic hand-object contact.

4) Acquisition board, the data extracted from the thermal
sensors were collected through a custom electronic
board. The platform was synchronized with the elec-
tronic board in order to record the data as soon as the
sensors went in touch with the object. The acquisition
frequency was set to 10 Hz.

C. Characterization Protocol
The characterization protocol is divided into three different

conditions: Stand-alone sensors, uncovered embedded sensors,
and covered embedded sensors, as summarized in Table III.

1) Stand-Alone Sensors: In this condition, the protocol
involves placing the sensor in contact with an object at

TABLE III
CONDITIONS ADOPTED FOR THE PROTOCOL USED TO ASSESS THE

PERFORMANCE OF THE SELECTED THERMAL SENSORS

different temperatures in the range [15, 75]
◦C with a step

of 10 ◦C and repeating the experiment three times for each
temperature value. The range was chosen to be consistent with
the one selected in Section II-A. The contact time, (i.e., the
duration of the acquisition when the sensor is in contact with
the object) was set equal to 240 s to ensure that the sensor
reaches the steady-state value. The same value must be set for
the resting time, i.e., when the contact is absent, to allow the
sensor to return to the room temperature.

A statistical analysis was performed, as described in
Section II-D.2, to identify the sensors that best replicate the
chosen technical specifications. This choice was made to
shorten the overall protocol, i.e., to reduce the number of
subsequent tests described in the following.

2) Uncovered Embedded Sensors: The sensors selected in
Section II-C.1 were integrated into the fingertip of a prosthetic
device to evaluate how the performance could be influenced
in a more realistic operative scenario. First, the sensor was
positioned at 0 rad to the object, and the same protocol used
in the first condition (Section II-C.1) was adopted. Then, the
position of the sensors was changed with respect to the object
in an angular range [0, 1.04] rad ([0, 60]

◦), with a step of
0.35 rad (20◦), to simulate the possible contact configuration
between the object and the fingertip.

The experiment was repeated three times for each temper-
ature value in the range [15, 55]

◦C, with a step of 20 ◦C.
Those temperatures were chosen because they elicit the range
of sensations perceived by humans in everyday life (painful
cold (15 ◦C), warm (35 ◦C), and painful heat (55 ◦C) [23]).

3) Covered Embedded Sensors: The experiments were car-
ried out by putting a silicone cover over the sensor to assess
how the presence of a glove can affect the measurements.
Apart from that, the protocol was the same as the one used in
Section II-C.2.

D. Performance Analysis
To evaluate the sensors performance, considering their inte-

gration into a prosthetic hand, the following indicators were
selected as the most suitable: 1) mean error (ME), which needs
to be comparable with the human’s minimal thermal variation
detectable; 2) rise time, to be compared with the human’s
reaction time to a thermal stimulus; and 3) repeatability error,
to assess the reliability of the sensor. The same parameters
were used to compare the selected sensors. Then, a statistical
analysis was performed to select the best temperature sensors.
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Fig. 2. MAE, rise time, and repeatability error of all the analyzed sensors (IR, NTC, RTD, and TC) at all the tested temperatures.

TABLE IV
MEDIAN VALUE (25 AND 75 PERCENTILE) OF THE ME AND RISE TIME FOR ALL THE ANALYZED SENSORS (IR, TC, NTC, AND RTD)

AT ALL THE TESTED TEMPERATURES ARE REPORTED

1) Assessment Metrics: The indicators selected to assess the
performance of the sensors in each of the three conditions
described in Section II-B are as follows.

1) ME [◦C], to evaluate the error between the reference
temperature (Tr ) and the temperature measured by each
sensor (Tm)

ME =

∑ 1
n

(Tr − Tm) (1)

where n is the number of acquired samples. ME is
calculated from the 90% of the length of the analyzed
signal to the end (steady-state value), to ensure that only
the steady-state value of the output is taken into account.

2) Repeatability Error [◦C], to identify the output variation
in the repetitions when the conditions are constant, and
the measurements are repeated within a short period of
time. It is computed as follows:

Re = |Tmmax − Tmmin | (2)

where Tmmax and Tmmin are the average maximum and
minimum temperature measurements [24]. The average
is calculated considering the steady-state value.

3) Rise time [s], the time taken for the signal to rise from
one level (10%) to another (90%) of the last value. This
variable was proposed since it is generally valid for all
types of sensors, i.e., it is not only applicable to the ones
that can be modeled as first-order systems [25].

2) Statistical Analysis: A statistical analysis was employed
to evaluate the performance of the sensors in terms of ME and
rise time. The analysis was performed both in the exclusion
criterion, to select the two sensors to carry on in the protocol,
and to finally select the most suitable temperature sensor.
In this study, Wilcoxon’s nonparametric statistical test was
applied to the results. The significance level (p-value) was set
at 0.05. In the first phase of the characterization protocol, the
four sensors were compared adjusting the p-value at 0.05/n,
according to the Bonferroni correction, where n is 4.

III. RESULTS

The performance indicators (MAE, i.e. the absolute value
of ME, rise time, and repeatability error) computed for the
four selected sensors (IR, TC, NTC, and RTD) are shown in
Fig. 2. For a more comprehensive analysis of the results, the
median value, the 25 and 75 percentile of the ME and rise time
are reported in Table IV. Furthermore, for the sake of clarity,
the time-varying temperature for the four sensors is presented
in the left part of Fig. 3. The ME for all the sensors at all
the tested temperatures was in the range ±2.3 ◦C, except for
the TC that presented the highest error among the sensors
(−8.7 ◦C) when compared with the temperature-controlled
object at 15 ◦C. The rise time of all the sensors had an
increasing trend with the temperature, except for the TC that
presented a peak of about 15.4 s in correspondence with the
temperature of 45 ◦C. The rise time of the IR was < 0.01 s
at all the temperatures with the exception of 75 ◦C (2.03 s).
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Fig. 3. Representative example of the time-varying temperature for the four stand-alone sensors at 55 ◦C (left) and for the embedded sensors with
and without a silicone cover, with an inclination of 0.3 rad and 55 ◦C (right).

TABLE V
MEDIAN (25 AND 75 PERCENTILE) OF THE ME AND RISE TIME ARE REPORTED FOR THE IR AND NTC SENSORS, AT ALL THE TESTED

TEMPERATURES, INTEGRATED IN A FINGERTIP WITHOUT (WO) AND WITH (W) A SILICONE COVER

The repeatability error for all the sensors was lower than 1 ◦C,
except for the RTD at 55 ◦C (1.9 ◦C) and the TC at
65 ◦C (1.4 ◦C). Thus, it appeared independent of the tested
temperature. The statistical analysis was then carried out to
compare the performance of the analyzed sensors, as described
in Section II-D.2. The results showed that the RTD and TC
sensors performed significantly worse than the other sensors;
thus, only the NTC and IR were carried in the second condition
of the protocol. More in detail, the NTC sensor was chosen
since it presented the lowest ME (0.8 ◦C ± 0.4 ◦C in
module) as well as for its statistical difference with the TC
(p-value = 0.006) sensor. Moreover, the IR sensor was chosen
since it was the one with the lowest rise time (0.36 s).
Furthermore, it presented a statistical difference with all the
other sensors (p-value = 0.0012 compared with the NTC, p-
value = 0.001 compared with the TC, p-value = 1.3 × 10 −4

compared with the RTD).
The ME, rise time, and repeatability error of the two

selected sensors (NTC and IR) were analyzed once integrated
into the 3-D printed fingertip with and without a silicone cover.
The obtained results are shown in Table V without and with
silicone and the global trend can be seen from Fig. 4. The ME
value for both the sensors without silicone cover is ±2 ◦C
for all the tested temperatures. On the other hand, when the
fingertip was covered with a silicone layer, the ME showed an
increasing trend with the temperature. Similar behavior could
be observed also in the rise time for both sensors. This trend

was accentuated when the sensors were covered with the
silicone layer. The repeatability error for all the sensors at all
temperatures was lower than 1 ◦C and presents an increasing
trend that was higher with the silicone cover in both the
sensors.

The performance of the two sensors integrated into the
fingertip, taking into account the inclination angle with respect
to the reference are reported in Table VI without silicone and
Table VII with silicone. Moreover, a graphical representation
is shown in Fig. 5. Furthermore, the time-varying temperature
for the two embedded sensors, with and without the silicone
layer, considering an inclination of 0.3 rad, is presented in
the right part of Fig. 3. In both the analyzed sensors, with
and without the silicone cover, the ME increased in module
with the inclination angle for all the temperatures and it was
significantly higher in correspondence of 55 ◦C. The rise time
of the IR was almost <0.01 s for all the tested temperatures
in both configurations. On the other hand, the NTC showed at
35 ◦C and 55 ◦C an increasing rise time with the angle and
temperature. Finally, the repeatability error remained under
1 ◦C for both the sensors in all the tested conditions. The
performance of the two sensors integrated into the fingertip
was compared, showing a statistically significant difference
between the rise time of the IR (<0.01 s) and of the NTC
(12.4 ± 18.4 s in the module) integrated in the fingertip
without the silicone cover (p-value = 6.9 × 10−9). Moreover, a
statistically significant difference (p-value = 0.0097) between
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Fig. 4. MAE, rise time, and repeatability error reported for the IR and NTC sensors, at all the tested temperatures, integrated in a fingertip without
(WO) a silicone cover on the left and with (W) a silicone cover on the right.

TABLE VI
MEDIAN (25 AND 75 PERCENTILE) OF THE ME AND RISE TIME ARE REPORTED FOR THE IR AND NTC SENSORS, AT DIFFERENT ANGLES

COMPARED WITH THE REFERENCE (0, 0.35, 0.70, AND 1.04 RAD) FOR THREE TEMPERATURES (15 ◦C, 35 ◦C, AND 55 ◦C), INTEGRATED

IN A FINGERTIP WITHOUT A SILICONE COVER

the ME of the IR (3.3 ◦C ± 5.1 ◦C in the module) and NTC
(4.5 ◦C ± 4.9 ◦C in module) could be observed. On the

other hand, for both the ME (IR: 4 ◦C ± 5.4 ◦C and NTC:
7.7 ◦C ± 5.6 ◦C) and the rise time (IR: 0.04 ± 0.2 s and NTC:
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TABLE VII
MEDIAN (25 AND 75 PERCENTILE) OF THE ME AND RISE TIME ARE REPORTED FOR THE IR AND NTC SENSORS, AT DIFFERENT ANGLES

COMPARED WITH THE REFERENCE (0, 0.35, 0.70, AND 1.04 RAD) FOR THREE TEMPERATURES (15 ◦C, 35 ◦C, AND 55 ◦C), INTEGRATED IN A

FINGERTIP WITH A SILICONE COVER

Fig. 5. MAE, rise time, and repeatability error for the IR and NTC sensors, at different angles compared with the reference
(0, 0.35, 0.70, and1.04 rad) for three temperatures (15 ◦C, 35 ◦C, and 55 ◦C), integrated in a fingertip without (WO) a silicone cover on the
left and with (W) a silicone cover on the right.

20.4 ± 23.4 s) a statistically significant difference between the
sensors with a silicone cover was observed (ME: p-value =

1.9 × 10−4 and rise time: p-value = 8.1 × 10−7).

IV. DISCUSSION
1) Comparison Analysis Among Sensors: This study aimed

to compare the performance of multiple temperature sensors
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in a comprehensive and repeatable way. Fig. 2 shows that the
IR and NTC sensors presented better performance indicators
in comparison with the other sensors in the study. As a
matter of fact, the TC presented an irregular trend for all the
performance indicators as well as multiple outliers (at 15 ◦C
for the ME and at 45 ◦C for the rise time and at 65 ◦C
for the repeatability). The NTC and IR sensors were selected
to be tested once integrated into a 3-D printed fingertip as
reported in Section II-C.2, since they presented the best ME
and rise time, respectively, compared with the other sensors
with a statistically significant difference. The performance of
the sensors integrated in the fingertip considering an angle of
0 rad showed a low MAE and low repeatability error without
the silicone cover, demonstrating their independence from the
temperature, as reported in Fig. 4. On the other hand, the rise
time without the silicone cover as well as the MAE, rise time,
and repeatability error with the silicone cover, presented a
growing trend with the temperature. Furthermore, this trend
was more pronounced when using a silicone cover due to
its insulating properties. Consequently, it took longer for the
desired temperature to be reached, resulting in a longer rise
time and a lower final temperature compared with the desired
one. Therefore, the use of a custom silicone glove that did not
cover all the NTC detection areas was suggested. The IR had
lower MAE and rise time than the NTC when covered with
the silicone layer since the IR was not completely covered
by the silicone, as described in Section II-B. However, its
performance was worse when the silicone cover was used since
the IR could read the temperature of the silicone on the edge
of the hole that included it.

Taking into account the impact of the inclination angle,
as reported in Fig. 5, the MAE increased with the angle
for both the sensors since the NTC started to detach from
the object at an angle of 0.7 rad, and the IR detection area
no longer solely captured the underlying object as the angle
increased. Therefore, the measured temperature was influenced
by the room temperature. For this reason, the MAE appeared
independent of the silicone cover when an angle of 0.70 rad
or greater was employed.

The rise time of the NTC was almost 0 s at 15 ◦C, regardless
of the inclination angle, due to a low thermal gradient. On the
other hand, for the other temperature values, the rise time
of the NTC increased with the angle as the sensor was no
longer in contact with the object. This caused the sensor
to measure the air temperature, which was heated by the
object, resulting in a slower trend of the sensor response and
independence from the presence of a silicone cover. Moreover,
the IR had always an instantaneous response. Finally, the low
repeatability error indicated independence from the considered
variables. Thus, it appears that the performance of the NTC
is more dependent on the inclination angle than the one of
the IR.

A statistical analysis was performed between the NTC and
IR, showing a significant difference in both the ME and rise
time regardless of the presence of the silicone cover.

The sensor selection should be pursued also based on
other aspects besides strictly considering performance, such
as functionality and operation. The two selected sensors have

different working principles, which allow the temperature
measurement to take place with (NTC) and without (IR)
contact. Consequently, depending on the final application, one
of the two options may be preferred over the other. The
need for additional components, which increase complexity,
may also affect the final choice since, for example, the NTC,
differently from the IR, requires conditioning electronics.

2) Comparison Analysis With Human Somatosensory Sys-
tem: The temperature sensor to be embedded in a prosthetic
hand should have similar characteristics to the human
somatosensory system, as reported in Section II-A. Such an
aspect is particularly important since it allows the prosthetic
system to return information to the user promptly and to
react in the case of painful situations. The results obtained by
testing the selected sensors (IR, TC, NTC, and RTD) in the
stand-alone test showed that only the NTC and IR are close
to the human physiological characteristics (rise time: 0.94 s
and ME: ±0.5 ◦C), the NTC ME was equal to 0.8 ◦C ± 0.4 ◦C
in module, and the IR rise time was 0.36 s, with a statistical
difference with the others sensors. In addition, analyzing the
results obtained when the sensors were embedded in the
fingertip, the IR exhibited an instantaneous rise time in all
the analyzed configurations, comparable with the physiological
reaction time (0.94 s). This aspect ensured a rapid response of
the prosthesis in critical situations, such as contact with objects
at extreme temperatures. The ME of the IR (3.3 ◦C ± 5.1 ◦C
and 4 ◦C ± 5.4 ◦C with and without silicone cover) was the
closest to the human one (±0.5 ◦C), allowing to accurately
discriminate between painful (15 ◦C, 55 ◦C) and tolerable crit-
ical temperatures (35 ◦C). This is essential to ensure the safety
and comfort of the prosthesis user, as it allows an appropriate
reaction to potentially harmful situations. Furthermore, the IR
sensor offers other advantages, such as its ability to measure
temperature without physical contact with the object, which
could reduce the risk of damage to the prosthesis and improve
its durability. This is especially crucial in real-world scenarios,
where the prosthesis must endure various environmental and
usage conditions.

V. CONCLUSION

The present study, compared with the available literature,
allowed a rigorous comparison, by adopting the proposed
novel systematic protocol, between the performance of thermal
sensors to be integrated into a hand prosthesis, taking into
account realistic operative conditions. Multiple sensors were
compared while they were in contact with objects at different
temperatures. This is an essential step since the sensors
performance is temperature-dependent, as illustrated in Fig. 2
and can be deeply observed from Table IV. This step allowed
us to select both the IR and NTC sensors as they present good
performance, comparable with the selected human somatosen-
sory characteristics. The performance of the selected sensors
was compared once integrated into a fingertip, as reported
in Fig. 4 and Table V, and varying the orientation relative
to the object, as shown in Fig. 5 and Tables VI and VII,
considering in both case two configurations: with and without
a silicone cover. The results show a worsening performance
compared with the ones analyzed in the isolated sensors.
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Therefore, the presence of a cosmetic glove in prosthesis (sim-
ulated by a silicone cover) and the orientation of the fingertip
in a real scenario (simulated by varying the inclination angle),
adversely influence the sensor’s performance. Thus, the second
phase of the presented protocol is essential for the identifica-
tion of the thermal sensor. It allowed the identification of the
IR sensor as the most suitable for prosthesis applications. The
IR was selected to be integrated into the IH2 Azzurra pros-
thetic hand. However, the identification of the thermal sensor
must take into account the demands of the ultimate application.
In addition, the dimension of the prosthetic fingertip may be
a further factor that can influence the sensor selection. The
size of NTC and IR are well within the range needed for
integration into most of the commercial prosthetic fingertips.
These sensors can be easily adapted and scaled for different
prosthesis sizes, ensuring that they meet the needs of users
with varying anthropometric dimensions. For instance, the IR
selected in this study incorporates conditioning electronics that
increase its encumbrance, thus, for the integration in small
fingertips, an IR with external electronics can be selected. The
integration process is straightforward, and the performance
remains reliable and accurate, making these sensors highly
suitable for advanced prosthetic applications.

The proposed protocol represents a significant advancement
over existing literature, since it ensures a more rigorous and
systematic approach to selecting temperature sensors. Given
the growing interest in the feedback of thermal information
to prosthesis users, a proper selection of sensors can enhance
the success of achieving this goal, particularly in everyday
life contexts, not only in research. By addressing realistic
conditions, this approach not only advances scientific under-
standing but also significantly improves the practical usability
and, in perspective, the acceptance of prosthetic devices in
daily life.

Future steps will be devoted to integrating the fingertips into
the prosthetic hand and testing the system with healthy and
amputee subjects.
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