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Abstract

Near-field communication (NFC) is a short-distance wireless data transmission technology with potential
for wearable sensors. Xu et al. (2020) developed a battery-free smart textile patch with an NFC antenna
and a temperature sensor (STP-NFC) [1]. To address potential issues with the testing protocol that
could affect the accuracy and precision of temperature measurement from the STP-NFC, a validation
experiment was conducted at a fixed room temperature of 20 ◦C. This was done using a commercial
IR imager to compare the results with the STP-NFC results. Results showed excellent accuracy with
an average temperature of 21.50 ◦C and a difference of only 0.36 ◦C from an IR imager’s reading. The
STP-NFC also had excellent precision with a small standard deviation of 0.83. Optimal performance
was achieved with a 6 mm distance, a 150-second time interval, and a 4-second scanning duration for
each scan. Additionally, the gage repeatability and reproducibility (R&R) study has been conducted to
assess the STP-NFC measurement system’s consistency, and the STP-NFC’s reproducibility has been
demonstrated. These results have implications for developing reliable wearable medical monitoring
devices using NFC technology.

Keywords: Near Field Communication; Wearable Sensors and Devices; Validation Experiment; Optimal
Procedure; Repeatability and Reproducibility

1 Introduction

Peter T. Lewis introduced the Internet of Things (IoT) in the 1980s. It refers to the wireless
connection of operators and objects to optimise remote control and management [2]. As the IoT
advances, more items are being tagged for identification, automation, monitoring, and control [3].

NFC is a promising IoT technology that has recently received significant attention for its poten-
tial use in point-of-care (POC) devices. It is a wireless data transmission method used for short
distances, with a range of up to 20 centimetres and typically 10 centimetres [4]. The NFC system
comprises two parts: a transmitter and a receiver. When an NFC-enabled device is brought close
to an NFC tag, the tag’s antenna picks up the signal from the device and responds with its data.
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The NFC antenna can be placed on various materials, including textile materials, making it an
ideal transmission method for wearable sensors. Fig. 1(a) shows the structure of a typical NFC
system [5].

Equipped with NFC functionality, Xu et al. (2020) have developed an STP temperature sensor
(STP-NFC) consisting of a temperature sensor chip and textile coils, shown in Fig. 1(b). In the
STP-NFC, the embroidered conductive coil connected to the NFC chip is both an antenna and an
energy harvester. An embroidered coil is connected to an NXP NTAG NFC chip, which powers
an MCU chip and a temperature sensor array using harvested energy. A smartphone with NFC
can power the STP-NFC system [1]. The STP-NFC can be attached to the human body using
medical tape, and the data can be easily read using a mobile phone app. Due to its small size,
flexibility, and ease of use, it has the potential to be developed into a POC device for medical
health care. By enabling real-time temperature tracking in various medical applications, such as
patient monitoring [6], vaccine storage [7], and medication tracking [8], NFC facilitates precise
and efficient temperature management, significantly leading to improved patient care and safety
[9]. Meanwhile, since it utilises embroidery methods, STP-NFC can be produced in wearable
and adaptable forms. Compared to traditional sensors with their drawbacks of complexity, low
sensitivity, limited lifespan, and lack of compatibility with the human body, flexible sensors for
wearable health monitoring have become crucial and make STP-NFC even more promising [10].
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Fig. 1: (a) Structure of NFC system [5] (b) Structure of the STP-NFC

However, the accuracy and precision of temperature measurement obtained from the STP-NFC
have not yet been validated, which may be influenced by various testing protocols, such as the
distance between the mobile phone and the STP-NFC, the time interval between measurements,
and the duration of contact during each measurement. These factors could potentially affect the
performance of the temperature measurement process, yet their effects have not been confirmed.

Meanwhile, the repeatability and reproducibility of the STP-NFC have not yet been analysed.
Repeatability presents the variations caused by the device, and it can be measured when a single
operator repeatedly measures the same object using the same procedure under consistent condi-
tions. On the other hand, reproducibility refers to variations caused by the measurement system,
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indicating the differences arising from different operators measuring the same object multiple
times using the same gauge and under consistent conditions. Higher levels of repeatability and
reproducibility correspond to better performance of the STP-NFC [11].

Therefore, this paper aims to address this issue by conducting a systematically designed exper-
iment that compares the temperature measurements obtained through the STP-NFC with those
obtained using an IR imager. By doing so, the study seeks to provide a reliable validation of
the temperature measurement capabilities of the STP-NFC while also exploring how potential
factors may influence the performance of these measurements. Moreover, it analyses the repeata-
bility and reproducibility of the STP-NFC. This investigation explores its potential as a wearable
temperature-detecting device in various fields.

2 Methodology

2.1 STP-NFC

The STP-NFC was attached to the target surface with medical tape, and the STP app was used
with an Android phone with NFC capabilities. The STP-NFC was scanned with the phone to
read the results. If the scanning distance was larger than 0, cardboard bridges with a thickness
of 2 mm were used to assist in controlling the distance between the STP-NFC and mobile phone,
as shown in Fig. 2.
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Fig. 2: Procedure of using the STP-NFC (a) Placement of the STP-NFC on target surface when scanning
distance is 0 mm; (b) Scanning the STP-NFC with mobile phone when scanning distance is 0 mm; (c)
Placement of the STP-NFC on target surface with cardboard bridges; (d) Scanning the STP-NFC with
a mobile phone with cardboard bridges

2.2 IR Imager

A commercial IR imager was used to validate the performance of the STP-NFC. The camera
focused on the NFC chip marked with an “X” during the pre-experiment. The temperature of
the focus area was recorded and shown in the top left corner of Fig. 3.
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Fig. 3: Procedure of using IR imager

2.3 Experimental Design

2.3.1 Optimal Procedure Study

Before implementing STP-NFC on the human body, validating its accuracy and precision was
crucial due to potential influences from NFC energy harvest and phone heat radiation. Rapid
temperature measurements and avoiding prolonged phone proximity to the sensor were recom-
mended to minimise errors, leading to the development of optimised experimental procedures.
Tests were conducted to determine the optimal:

• Distance between the mobile phone and device surface

• Time interval between each scan

• Scanning duration of each scan

In this experiment, for each factor, there were five level values shown in Table 1. ‘Distance’
denoted the gap between the NFC-enabled mobile phone and the STP-NFC, ‘time interval’ rep-
resented the duration between each scanning action, and ’scanning duration’ referred to the time
the phone spent scanning the STP-NFC.

Table 1: Factor information for optimal procedure experiment

Factor Levels Values

Distance (mm) 5 0, 2, 4, 6, 8

Time interval (s) 5 30, 60, 90, 120, 150

Scanning duration (s) 5 2, 4, 6, 8, 10

For each setting (fixed distance, time interval and scanning duration), the scanning using a
mobile phone would repeat three times. Therefore, there were a total of 5×5×5×3 = 375 scans.

An IR imager aided in determining the temperature of the cardboard surface. Temperature
results from the IR imager and the STP-NFC were compared to identify the optimal distance, time
interval, and scanning duration. Fig. 4 illustrates the time points for temperature measurements
using the STP-NFC and IR imager.
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Fig. 4: Time points for measuring temperature (30 s time interval, 4 s scanning duration)

2.3.2 Repeatability and Reproducibility Study

An R&R study was conducted following the determination of the optimal procedure for tem-
perature measurement using the STP-NFC. This experiment involved nine STP-NFCs and five
operators. Each operator independently tested each STP-NFC using the established optimal pro-
cedure. Three repeated scans were performed for each device, resulting in 9 × 5 × 3 = 135 scans,
as shown in Table 2.

Table 2: Method For R&R Study Experiment For STP-NFCs

Parts Operators Replicates Total scans

9 5 3 135

Meanwhile, an R&R study for the IR imager was also conducted to compare it with the R&R
of the STP-NFCs. It should be noted that since there was only one IR imager, a gage R&R
study for multiple operators and one device was conducted. The five operators used the single
IR imager to measure the surface temperature, repeating the process three times, precisely at
the same time when they were using the nine STP-NFCs to monitor the temperature. Therefore,
there were 5 × 3 × 9 = 135 scans.

The results were analysed with the help of Minitab 20 and Excel. Using Minitab 20, X-
bar charts and S (Standard Deviation) charts for both the STP-NFCs and the IR imager were
obtained to assess the abilities of the devices and the operators to make relatively consistent
measurements. Additionally, a two-way gage R&R study was conducted using the analysis of
variance (ANOVA) method for the STP-NFCs’ results. This allowed for calculating the sum of
squares (SS) from various sources, including parts, operators, the interaction between operators
and parts, repeatability, and total variance. SS represents the variability from various sources
compared to the overall mean. The relationships among these were represented in Equation (1),
shown below [12]:

SSTotal = SSPart + SSOperator + SSOperator∗Part + SSRepeatability (1)

Meanwhile, the variance components due to different sources were also obtained using Minitab
20, and their relationships were represented in Equation (2) below [13]:

σ2
Total = σ2

Repeatability + σ2
Reproducibility (2)

Where σ2
Total is the total gage R&R variance, σ2

Repeatability is the component of variance due to
the device, σ2

Reproducibility is the component of variance due to the measurement error.

As for the results from the IR imager, as mentioned before, since there was only one device,
only a gage R&R study with multiple operators and one part could be conducted. In this case,
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the variance component of the operator can represent the reproducibility, while the variance
component of the error can represent the repeatability [14]. Using the R&R results obtained from
Minitab 20, the precision-to-tolerance (P/T) ratio was calculated using Equation (3) shown below
[15]:

P

T
=

6σ

USL− LSL
(3)

P is the precision, T is the tolerance, 6σ is the study variation (six times the standard deviation),
USL is the upper specification limit, and LSL is the lower specification limit.

The tolerance band was the criterion by which the device was considered accurate and accept-
able, depending on its intended use. For example, van Netten et al. (2014) suggested that the
optimal cutoff diagnostic value for detecting diabetes-related foot complications was a 2.2 ◦C
difference between contralateral spots on the feet. For this reason, the tolerance band used to de-
termine the device’s suitability for detecting diabetes-related foot complications was set at 2.2 ◦C
[16].

2.4 Experiment Setup

The equipment required for the experiment was as follows.

• STP-NFC

• Mobile phone (OPPO A16s) with NFC function and STP APP

• Infrared imager

• Camera holder

• Cardboard bridges (with 2mm thickness)

Fig. 5(a) shows the setup for determining the optimum procedure, with the STP-NFC securely
affixed to the cardboard surface. The NFC chip’s location was marked with an “X”, and the
best contact location for the phone and STP-NFC was identified in the pre-experiment. Fig. 5(b)
illustrates this process with line labelling on the sticker. At this optimal location, shown in
Fig. 5(c), the required scanning time was no longer than 1 second, allowing the connect time
to be disregarded in further experiments. An IR imager was used to determine the surface
temperature of the cardboard between each measurement, as shown in Fig. 5(d), with the camera
fixed 30 cm above the STP-NFC and focused on the chip (x point).

2.5 Experimental Testing Procedure

After setting up and conducting the pre-experiment, the experiment was processed as outlined
below:

• The first step was determining how the distance between the mobile phone and the STP-
NFC surface influenced the temperature measurement results: 0 mm, 2 mm, 4 mm, 6 mm,
and 8 mm. Each distance was repeated three times.
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Fig. 5: (a) Overall setting for determination of optimal procedure (with 4 mm distance) Experiment
setup procedures; (b) The STP-NFC stuck on the cardboard, with labelled chip (x) and optimum phone
position (line boundaries); (c) The phone connected to the NFC chip at the optimum location; (d) IR
imager setting

• The second step was determining how the scanning time duration influenced the temperature
measurement results: 2 s, 4 s, 6 s, 8 s, and 10 s. Each time duration was repeated three
times.

• The third step was to determine how the time interval between each scan influenced the
temperature measurement results: 30 s, 60 s, 90 s, 120 s, and 150 s. Each time interval was
repeated three times.

The experiment was conducted in the Textile Testing Laboratory at the University of Manch-
ester, with a controlled room temperature of 20 ◦C. During each scanning, the mobile phone was
positioned at the optimal location identified in the pre-experiment, and readings were recorded
from the STP APP and the IR camera. At the end of each scanning duration, the phone was
moved away from the STP-NFC, and subsequent scanning was repeated based on the designated
time points introduced in Chapter 2.3.1.

2.6 Data Analysis

The experimental results were systematically analysed using interval plots, ANOVA, Pareto
charts, interaction plots, main effect plots, surface plots, estimation for paired differences, and
pairwise Pearson correlations, all constructed through the design of experiment (DOE) method in
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Minitab 21 software. The X and S charts for STP-NFCs and IR imager results were plotted. The
gage R&R study (ANOVA method) was conducted using the gage study feature for STP-NFCs in
Minitab 21 software. Two-way ANOVA tables with interaction, variance components tables, and
gage evaluation tables were presented and discussed. A gage R&R study with multiple operators
and one part was conducted for the IR imager, and the corresponding variance components were
provided.

3 Results

3.1 Optimal Procedure

This experiment focuses on three factors: distance, time interval, and scanning duration. Each
factor comprises five levels, with each situation being scanned three times. Consequently, there
are a total of 375 results. These outcomes are presented in interval plots with the STP-NFC
temperature results on the y-axis and different factors (distance in mm, time interval in seconds,
and scanning duration in seconds) displayed on the x-axis, shown in Fig. 6 [17]. Error bars are also
incorporated in the plots. The deviations in STP-NFC results for each factor generally remain
within 1 ◦C, indicating high precision. Additionally, the presence of short error bars indicates a
significant level of consistency and reliability among all data points.
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Fig. 6: (a) Interval plot of STP T with distance (mm) on the x-axis, (b) Interval plot of STP T with
time interval (s) on the x-axis, and (c) Interval plot of STP T with scanning duration (s) on the x-axis

Based on the ANOVA model summary, the STP-NFC results exhibit a standard error of re-
gression (S) of 0.62 and a coefficient of determination (R-sq) of 62.94%. These values indicate a
relatively good fit to the developed model, showcasing the STP-NFC’s overall reliability. Further-
more, most P-values for the distance (< 0.001), time interval (< 0.001), and scanning duration
(< 0.001) factors, as seen in Fig. 7(a), suggest highly reliable results, supporting the previous
suggestions.

Fig. 7(b) shows that all the factors significantly affect the STP-NFC temperature. Distance has
the greatest effect, followed by time interval and scanning duration. Fig. 7(c) presents the Pareto
chart of the standardised effect for the STP-T results, which presents the standardised effects
as t-statistics in descending order from the largest to the smallest effect, and it highlights bars
that cross the reference line to indicate their statistical significance. These standardised effects
serve as a means to test the null hypothesis that the effect size is zero [18]. Fig. 7(d) illustrates
that the time interval and scanning duration combination affects the STP-NFC temperature.
Generally, the mean STP-NFC temperature value decreases as distance and/or time interval
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Analysis of Variance 

Source DF Adj SS 

Adj 

MS 

F-

Value 

P-

Value 

Model 126 163.924 1.3010 3.34 0.000 

  Blocks 2 13.299 6.6495 17.08 0.000 

  Linear 12 83.774 6.9812 17.94 0.000 

    Distance (mm) 4 49.323 12.3308 31.68 0.000 

    Time interval (s) 4 20.360 5.0901 13.08 0.000 

    Scanning duration (s) 4 14.090 3.5226 9.05 0.000 

  2-Way Interactions 48 40.534 0.8445 2.17 0.000 

    Distance (mm)*Time interval (s) 16 9.752 0.6095 1.57 0.079 

    Distance (mm)*Scanning duration (s) 16 9.114 0.5696 1.46 0.114 

    Time interval (s)*Scanning duration (s) 16 21.669 1.3543 3.48 0.000 

  3-Way Interactions 64 26.317 0.4112 1.06 0.376 

    Distance (mm)*Time interval (s)*Scanning 

duration (s) 

64 26.317 0.4112 1.06 0.376 

Error 248 96.528 0.3892     

Total 374 260.451 
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Fig. 7: (a) Analysis of Variance table; (b) Pareto chart of the standardised effects, the response is the
STP-NFC results (STP T); (c) Interaction plot for the STP-NFC results (STP T); (d) Main effects plot
for the STP-NFC results (STP T)

increase. Conversely, with an increase in scanning duration, the mean temperature value of the
STP-NFC results increases. Results closer to the constant room temperature of 20 ◦C indicate
more accurate STP-NFC performance. Based on the STP-NFC results, the optimal procedure is
a 6 mm distance, 150s time interval, and 4 s contact time.

The results of the IR imager also show similar trending compared with the STP-NFC results;
details can be provided in the support materials requested.

3.2 Gage R&R Study

The gage R&R study involves five individual operators and utilises nine STP-NFCs and one IR
imager, with each configuration being repeated three times, resulting in a total of 135 scans each.
The results, including the STP-NFC and IR imager data, are plotted in X-bar and S charts, as
shown in Fig. 8.

The X-bar chart illustrates the average measurement values over time, identifying any shifts or
trends in the mean value [19]. The centrelines of the charts present the overall process averages,
demonstrating a significant similarity between the STP-NFCs (21.50 ◦C) and the IR imager
(21.43 ◦C), with a mere 0.07 ◦C of variability. Control limits are determined based on the process
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Fig. 8: X charts and S charts (a) X chart of STP T; (b) X chart of IR; (c) S chart of STP T; (d) S chart
of IR

variability, set at three times S by default. Most of the points scatter around the centreline,
within the established limits. For the STP-NFCs, only two results exceed the upper control limit
(UCL), while the IR imager has three points above the UCL in the initial results and one below
the lower control limit (LCL). These findings emphasise the stability of the STP-NFCs and the
IR imager, highlighting consistent temperature measurements across 45 subgroups.

Meanwhile, the S charts track the variability within the subgroups, assisting in monitoring
changes in process variability [20]. The centrelines of these charts are established based on the
average S, revealing comparable values for the STP-NFCs and the IR imager (0.22 ◦C and 0.19 ◦C,
respectively). Control limits are defined by subgroup variability. These charts reveal a maximum
variation of around 0.5 ◦C, suggesting significant stability in the temperature monitoring using
STP-NFCs. Notably, only one point slightly exceeds the UCL in both the STP-NFCs and the IR
imager datasets, further confirming the STP-NFC’s comparable stability to the IR imager.

Incorporating the gage R&R study, the two-way ANOVA table with interaction is provided in
Table 3. SS assists in comparing the variance caused by different sources. A higher SS value
indicates higher variance, which is unwilling. It is evident that SSRepeatability has an undesirably
high value of 6.80. Meanwhile, SSOperator, which represents the reproducibility as it is significantly
influenced by the operators, maintains a relatively low and preferable value of around 2.60. This
suggests that the STP-NFCs exhibit better reproducibility compared to repeatability.

Meanwhile, this table also indicates that notable differences exist in the F ratios and that the
associated P values vary between different sources of variation. Generally, a significantly high F
ratio with a relatively low p-value demonstrates that the factor significantly impacts the outcome
variable. This suggests that the observed distinctions between groups are unlikely to result from
chance alone. In Table 3, it is evident that the operator factor possesses the highest F ratio (9.95)
and an almost negligible p-value (close to 0.000), underscoring the significant influence of this
factor. For parts, although the F ratio is comparatively lower than that of operators, and the
p-value is around 0.006, which is higher than the operators, there is still a noticeable significance.
This indicates that the variance is mostly stemming from the factor itself. However, when these
two factors interact, the F ratio presents a substantial reduction, accompanied by a p-value of
0.674, exceeding the 0.005 threshold, implying that the observed differences could potentially be
attributed to random occurrences.
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Table 3: Two-Way ANOVA table with interaction for STP-NFC results

Source DF SS MS F P

Parts 8 1.7760 0.222000 3.40520 0.006

Operators 4 2.5951 0.648778 9.95143 0.000

Parts*Operators 32 2.0862 0.065194 0.86287 0.674

Repeatability 90 6.8000 0.075556

Total 134 13.2573

α to remove interaction term = 0.05

Table 4 presents the gage evaluation for the STP-NFC results, showing all sources maintain
low standard deviations, none of them exceed 0.33. The table also presents the study variations,
representing the total variability introduced by the measurement system, including both repeata-
bility and reproducibility. Ideally, these variations should remain within six times the standard
deviation of the true item values [21]. All the study variations fall within an acceptable range,
staying below a threshold of 2. However, the percentage of study variation is undesirably high
for the total gage R&R and repeatability categories. Conversely, it is significantly lower for re-
producibility, which suggests good reproducibility. This indicates that different operators achieve
similar results when following the same procedure, thereby offering reliable measurements.

Table 4: Gage evaluation for STP-NFC results

Source StdDev (SD) Study Var (6 × SD) %Study Var (%SV)

Total Gage R&R 0.306870 1.84122 95.10

Repeatability 0.269885 1.61931 83.64

Reproducibility 0.146052 0.87631 45.26

Operators 0.146052 0.87631 45.26

Part-To-Part 0.099720 0.59832 30.91

Total Variation 0.322666 1.93599 100.00

4 Discussion

The surface plots illustrate how the mean temperature values of the STP-NFC change with
variations in distance and time intervals. The results demonstrate that distance and time intervals
substantially impact the STP-NFC and IR temperature measurements, supporting the earlier
conclusions. However, the effect on the IR temperature difference is less significant, as depicted
in Fig. 9. This suggests that the STP-NFC process does not considerably affect the surface
temperature and will not introduce significant errors during measurement.

During the paired comparison, the STP-NFC is found to be accurate with acceptable variation,
as can be seen in Table 5. The difference between the mean values of the STP-NFC and initial
IR temperature results is only 0.36 ◦C, while the difference with final IR temperature results is
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Fig. 9: Surface Plot of (a) STP-NFC results (STP T) vs Distance (mm) vs Time interval (s); (b) Initial
IR temperature results (IR T1) vs Distance (mm) vs Time interval (s); (c) Final IR temperature results
(IR T2) vs Distance (mm) vs Time interval (s); (d) IR temperature results difference (D IRT2-IRT1) vs
Distance (mm) vs Time interval (s)

Table 5: Estimation for paired difference

Pair Mean StDev SE Mean 95% CI for µ difference

STP T-IR T1 0.36 0.69 0.04 (0.29, 0.43)

STP T-IR T2 0.29 0.76 0.04 (0.21, 0.37)

IR T1-IR T2 −0.08 0.53 0.03 (−0.13,−0.02)

µ difference: population mean of paired factors

0.29 ◦C, as shown in Table 5. Additionally, the standard deviation for the STP-NFC ranges from
0.6 to 0.8, which suggests a significant level of precision.

Further analysis of Table 5 shows that the pair difference mean values for the initial and final IR
temperatures are very small, with only a difference of 0.08 ◦C. This indicates that the STP-NFC’s
performance remains relatively stable during continuous measurements, and its usage does not
significantly affect the surface temperature.

When a low p-value and a high correlation coefficient are observed, it typically suggests a strong
and significant relationship between the variables being compared. In Table 6, the high correlation
observed between the STP-NFC results and the IR temperature results ranging from 0.5 to 0.6
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and the low p-value further support the high accuracy of the STP-NFC, as they exhibit similar
changing trends. Additionally, the high correlation between the initial and final IR temperature
results (0.67) and the low p-value further suggests that using the STP-NFC does not significantly
affect the sample surface temperature.

Table 6: Pairwise pearson correlations

Sample 1 Sample 2 N Correlation 95% CI for ρ P-Value

IR T2 STP T 375 0.495 (0.415, 0.568) 0.000

IR T1 STP T 375 0.590 (0.519, 0.652) 0.000

IR T2 IR T1 375 0.670 (0.610, 0.723) 0.000

This validation experiment proves that the STP-NFC exhibits a similarly reliable performance
as a commercial IR camera, affirming its effectiveness and suitability for temperature monitoring
applications. Additionally, it offers advantages over traditional IR cameras, including portability
[22], real-time data transfer [23], lower power consumption [24], ease of use [25], and direct contact
sensing [26], making them ideal for wearable health monitoring and targeted temperature mea-
surements, such as fever screening [27], infection control [28], neonatal care [29], sports medicine
[30], thermographic breast screening [31], etc.

Table 7 displays the variance components for both STP-NFC and IR imager results. According
to the guideline, if the % contribution of a variance component exceeds 9%, the measurement
system is considered unacceptable and requires improvement [32]. Ideally, the majority source
of variance should originate from differences between parts, referred to as part-to-part variance,
rather than from the R&R of the measurement system. In this research, the STP-NFC demon-
strates a significant proportion of variance arising from total gage R&R, indicating the urgent
need for system enhancements [11]. For the STP-NFC, repeatability is the principal contributor
to variance, much higher than the influence of reproducibility substantially. This indicates a
better reproducibility than repeatability, suggesting that different operators, following identical
procedures and operating under the same conditions, will likely achieve consistent results with
the STP-NFC.

Table 7: Variance components for STP-NFC results and IR Imager results

Source Variance component %Contribution (of VarComp) Variance Component % of total

STP-NFC IR Imager

Total Gage R&R 0.094169 90.45 0.126300 100.00

Repeatability 0.072838 69.96 0.0782279 61.94

Reproducibility 0.021331 20.49 0.0480725 38.06

Part-To-Part 0.009944 9.55 – –

Table 8 presents the standard deviation, study variance, and P/T ratio for STP-NFC and IR
imager results. The data shows that the STP-NFC and the IR imager maintain small standard
deviations across all sources, indicating that measurements remain relatively stable for total
gage R&R, repeatability, and reproducibility. Meanwhile, the STP-NFC performs better than
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the IR imager, particularly regarding reproducibility, further confirming the previous variance
components analysis.

Table 8: Standard deviation, study variance, and P/T ratio for STP-NFC results and IR Imager results

Source
StDev Study Var (6 × SD) P/T Ratio (%)

STP-NFC IR Imager STP-NFC IR Imager STP-NFC IR Imager

Total Gage R&R 0.306870 0.355388 1.84122 2.132328 83.69 96.92

Repeatability 0.269885 0.279693 1.61931 1.678158 73.61 76.28

Reproducibility 0.146052 0.219254 0.87631 5.25786 39.83 238.99

However, while the STP-NFC exhibits promising performance, it faces challenges when high-
precision temperature monitoring is required, and the tolerance band is narrow. For instance, in
distinguishing differences between contralateral spots on feet for detecting diabetes-related foot
complications, a temperature variance of 2.2 ◦C is utilised as the threshold. Under such strict
criteria, the P/T ratio results are somewhat unsatisfactory. Ideally, a lower P/T ratio indicates
superior performance and values exceeding 30% are inadequate. Thus, the current data suggests
neither method fully satisfies the requirements, revealing an area for enhancement.

Nevertheless, when comparing the STP-NFC and the IR imager, it becomes apparent that the
former performs significantly better, especially regarding reproducibility. With a reproducibility
P/T ratio nearing 30%, the STP-NFC demonstrates the substantial potential to evolve into a
reliable tool for monitoring diabetes-related foot complications, pending further development and
improvement.

5 Conclusion

A validation experiment has been conducted on an existing STP-NFC. It has been demonstrated
to have high accuracy and precision compared to a commercial IR camera. The performance
of the STP-NFC is significantly affected by the distance and time interval between the mobile
phone and the device surface, with the scanning duration also having a noticeable effect. Optimal
results were achieved with a 6 mm distance, 150s time interval, and 4s contact time. Moreover,
STP-NFC did not significantly affect the object’s surface temperature, indicating that it does
not introduce intolerable errors during measurement. Furthermore, in the gage study, STP-NFC
exhibits an overall performance that surpasses the IR imager’s, especially in its reproducibility.
These findings have significant implications for developing wearable medical monitoring devices
that utilise NFC technology.
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