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Abstract
Smart textiles can support people with specific needs and diseases, such as diabetes or heart disease. Currently there are 
efforts to combine continuous mobile monitoring with other health-related conditions. On this basis, algorithms could be 
developed that can be used to detect unusual or critical conditions. A study was to investigate whether a previously developed 
washable Multi-Modal Smart Textile (MMST), based on inexpensive materials, would provide valid and reliable results with 
regard to the vital parameters of pulse, temperature and mobility. The measurement of the vital parameters was carried out 
with the developed prototype MMST as well as with validated devices. All electronics including the rechargeable NiMH 
has been washed more than 30 times with different methods and it remained fully functional. The intraclass correlation 
coefficients (ICC) for pulse (temperature) measurement ranged between 0.036 and 0.232 (0.077 and 0.817) depending on 
the activity of the tested individuals (standing, sitting, lying down, moving). Cohen’s Kappa for the detection of the body 
position was 0.765. For the parameter of pulse, the results indicated an insufficient derivation for both validity and reliability. 
Due to flaws in the methodology applied, the validly and reliably for the parameter of temperature could not be determined. 
Valid and reliable results were obtained for the parameter mobility/change of position. If the MMST (after modification of 
the prototype) achieves reliable results, there are many advantages for people giving and receiving care on a budget price, 
even in threatening emergency situations.
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1  Introduction

Smart textiles were already mentioned in publications 20 
to 25 years ago [1–4], but they have become more visible 
in scientific research in the last few years. For medical pur-
poses, they can be distinguished between those with a more 
chemical functionality i.e. photothermal, pH analytic or anti-
bacterial activities [5, 6] and others containing electrical / 
electronic properties [7]. Since there has been a rapid tech-
nological development in general in the past few years, smart 
wearable devices explicitly have gained enormous popularity 
in healthcare [8]. They have proven to support individuals 
with specific needs and diseases like diabetes [9], asthma 
[10] and the detection of heart rate arrhythmia [11].

Activity monitoring via mobile devices such as watches 
has become very popular in the so-called “lifestyle” sector. 
However, since the importance of activity and mobility for 
physical and mental health is well recognized, there have 
been recent efforts to combine continuous mobile monitor-
ing with other health-related conditions, such as continuous 
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glucose monitoring [12] or bowel status [13]. By combining 
different parameters such as vital signs, glucose monitoring 
and / or activity, it is possible to develop algorithms that 
could be used to recognize unusual or critical conditions, 
especially if these parameters are available in a continuous 
manner, as is done with highly dependent patients in inten-
sive care. Even if individuals are not in such a critical health 
condition, but more or less dependent on care, continuous 
mobile monitoring may help to improve their treatment, i.e. 
by adapting their medication. Integrating these monitors into 
objects of daily use, such as clothes, has some promising 
advantages. First, clothes are worn close to the body, which 
is a prerequisite for the precise monitoring of vital signs. 
Second, it looks more natural to them and is therefore less 
stigmatizing and people with cognitive impairment do not 
tolerate additional “hang-ons” like wristbands or badges.

In the last decade, a variety of vital textiles has been 
developed that combine both a clothing and measuring 
functions of vital signs such as pulse rate, heart rate. Smart 
textiles could measure vital signs pulse rate, heart rate of 
human, mobility or temperature and developed for differ-
ent scenarios for example health care workers, fire fighters, 
mineworkers or fitness trainers [14–16]. The possibilities in 
applications sound promising, but there is still further need 
for research and development in embedding microelectron-
ics in textiles. Electronic components have to be reliable 
and robust, even if measurement signals are distorted in 
their usage behaviour. The textile surfaces used for Smart 
Textiles in general and Vital Textiles (Textiles measuring 
vital signs like pulse, temperature, breathing rate etc.) in 
particular must be stretchable, resistant to environmental 
factors, periodic maintenance such as washing and drying, 
as well as resistant to friction and movement over the long 
term [17]. This is very important if textiles are worn on 
body areas where people can sweat a lot like in fiber-optics 
sensors equipped smart socks [18]. This places much higher 
demands on the electronic components to be incorporated 
than in the manufacture and processing of classic electron-
ics. Interesting approaches such as the smart textile base 
on fibre optics technology [19–21] were considered a-priori 
to be too sensitive for this purpose. The insufficient resist-
ance of the electronic components to water and the washing 
additives is caused by the following problems: 1. corrosion 
of metallic and conductive components, 2. thermal issues 
(washing, drying, defrosting temperature, exposure time), 3. 
mechanical issues (pressure, torsion, bending and buckling 
of contact points to electronic components through wash-
ing, draining and finishing treatments), and 4. chemical 
stress (alkalinity, oxidative attack by detergents/disinfect-
ants). Zhou et al. achieved a decent washability for their 
developed single-layered ultra-soft smart textiles when they 
washed it several times 10 to 60 min at 30 °C [22]. Merino 
Wool/Nylon Polymer Nanocomposites show also some 

promising developments in this regard [23]. Some nano-
composite fibers of conjugated polymer nanoparticles and 
polyacrylonitrile showed efficient durability after a laundry 
test [5]. An e-textile’s degradation performance should not 
only be measured through the change in conductivity, and 
electrical resistance [24] but also by the devices performance 
after washing [25, 26]. If the electronic components are not 
embedded in elastomer material like polydimethylsiloxane 
(PDMS, silicone) [27], smart textiles are often designed as 
a modular system to separate the washable textile parts from 
the electronic components.

The aim of this study comprised different developments 
and tests. We tried to integrate into a textile:

1.	 washable treatment sensors for recording movement 
or localisation, measuring critical vital parameters (i. 
e. pulse, body temperature), detection of position (i.e. 
fall., impared mobility)

2.	 washable, treatment-resistant energy transfer and storage 
systems,

3.	 washable, treatment-resistant measuring technology for 
data transmission, which is inseparably linked to the gar-
ment textile.

Moreover, a mobile application for the presentation of 
the data had to be designed and the data, provided by the 
system, had to be tested. The contribution of the planned 
technological development was the elaboration of sensors 
and energy transfer and storage systems which are resist-
ant to treatments such as washing and disinfection for the 
application nursing care. Finally it must be emphasized, 
that the overall aim was not to build an high-end medical 
device but to remain “affordable” for many care depend-
ent people. For this purpose, the components to assemble 
the smart textile is based on rather established, commercial 
off-the-shelves technology and because the monitoring func-
tion of the smart textile should rather serve as a screening 
tool to detect rather gradual changes over a longer period 
of time, no absolute accuracy would be necessary. For that 
reason, that the installed electronic components can also be 
significantly cheaper.

2 � Material and methods

2.1 � Apparatus

The first potting tests that were carried out with various 
one- and two-component silicone rubbers did not yield 
satisfactory results. The materials used either did not cre-
ate a water-impermeable connection at the interface to the 
cables or did not have the desired tear resistance (Fig. 1a). In 
order to achieve washability, the entire electronic assembly 
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was cast with Wepuran casting resin VT 3402 (From Com-
pany: Lackwerke Peters™). After the Wapuran was mixed 
according the proposed mixing ratio, it hardened—24 h at 
room temperature (20–23,5 °C) hardened for 4 h in warming 
cabinet at 45 °C, then again for 15.5 h at room temperature 
(23.5–26.5 °C), and again 8 h in warming cabinet at 45 °C. 
After another 24 h at room temperature (23.5–26.5 °C) it 
was removed from the plastic form. This enabled a water-
tight enclosure of the assembly, high tear resistance, rubber-
like elasticity, temperature resistance up to at least 40 °C 
(washing mashine temperature) and transparency for vis-
ibility of the light of LED inside. A rechargeable NiMH 
battery (Varta 3/V500HTLSWC, three flat battery cells with 
a nominal voltage of 1.2 V in series (i.e. 3.6 V in total) and a 
Qi-compatible induction loop for charging the battery were 
integrated into the smart textiles (Fig. 1b). The battery can 
be charged via cable or wirelessly.

The energy-efficient microcontroller STM32-L151 by 
ST Microelectronics™ was selected for recording and 
processing the sensor data (Fig. 2). Low electricity usage 
was a factor taken into consideration when choosing the 
sensor-ICs. The data transmission close to the electronics 
was done via copper cables and wires. The connection of 
textile sensor technology with the copper cable was done 
with heat shrink self-solder butt splice connectors. We 
decided to use Photoplethysmography (PPG) to monitor 
the heart rate. Two diagonally arranged sensors (Maxim 
Integrated™ MAX30102) were integrated on a platform 
to measure the heart rate. Preliminary tests have shown 
that two diagonally arranged pulse sensors suffice for a 
sufficiently accurate pulse measurement (Fig. 3). We used 
the infrared temperature sensor Melexis MLX90615 to 

measure the body surface temperature on the breast on 
the skin site. This sensor can measure the temperature 
even without direct skin contact at a distance of approx. 
1 cm from the skin surface. In order to conduct the body 
position, a 3-axis accelerometer (NXP MMA8451Q) is 
included. The algorithm we used was the following (sim-
plified description):

1.	 Every 200 ms: Calculation of the angle change of roll 
φ (phi) pitch θ (theta) and yaw angle ε (eta) from the 
acceleration data ax, ay, az of the acceleration sensor.

2.	 angle change is large enough:
	   If phi > activity threshold- > body upright.
	   If theta > activity threshold- > left lateral position.

Fig. 1   a potting tests with silicone rubbers (not enough visibility) b Showed the in Wepuran VT 3402 encapsuled and washed battery unit (after 
30 Washing processes) attached to the textile on the wireless charger while charging

Fig. 2   shows the front (facing the textile) side of the in-built micro-
electronic system
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	   If theta < negative activity threshold- > lateral position 
right.

	   If eta > activity threshold- > supine position.
3.	 Furthermore, there is a check of the time since the last 

change of movement. Only if this is greater than two 
seconds is a new position displayed. Otherwise, there 
would be continuous movement changes at certain "limit 
angles", for example.

The frequency of data recording was for pulse (raw data 
from photo diode): every 100 ms, movement (change of 
acceleration): every 200 ms, and temperature (I2C-sensor 
data): every 10 s. To communicate with the Smartphone App 
we used a Cypress Semiconductor CYW20736S Bluetooth 
Low Energy System-in-Package module. This enables a 
Bluetooth connection to a smartphone. Data updating in the 
app for every parameter occurred only in case of a change, 
but not more than every second. The system can also store 
data on a micro SD card.

The hardware was integrated into a stretchable and con-
formable textile via a transparent encapsulate with Wepuran 
casting resin VT 3402 in such a way that clinical hygiene 
standards are met (Fig. 4a). A schematic description of 
the whole system is illustrated in Fig. 4b. In order to make 
the smart textile “wearable” it was integrated in a tailored 
home-made T-shirt. To find the best location for the device 
we conducted a workshop with elderly persons and nurs-
ing practitioners about the comfort and the handling of the 
device. The participants stated that a position on the front 
breast was regarded comfortable the most. We explained to 
the participants that this prototype has to be rather bulky 
and big for development purpose and that our aim is to min-
iaturise the electronic to a size of about 25 × 25x7 mm and 
less than 30 g, once the proof of concept is satisfactory. The 
feedback from the participants was mostly that such a small 

size would most likely not disturb them. The exchangeable 
battery was housed in the integrated non-slip breast pocket 
of a shirt.

The data were shown as pictures, graphics and pure meas-
urement values as an Android application for smartphones 
(Fig. 5). The patient can define individual standards and 
limit values for his or her vital parameters. In the app, the 
measured vital signs were displayed as a traffic light system. 
Normal values showed as a green background, deviating val-
ues with a yellow background and dangerous values as a red 
background. All typical sizes were manufactured but for the 
testing only the clothing sizes (S and M) were used because 
they fitted best to the participants.

2.2 � Washability testing

The electronic module encapsulated with Wepuran VT 
3402 (Fig. 1b) with soldered-on leads was used to carry out 
washing cycles at 40°, 60° and 95° Celsius with and with-
out fabric softener The washing mashine was a consumer 
model (Miele Navitronic W2888). Afterwards the analogue 
inputs were checked for optical damage. The functionality 
of the digital and analog inputs was checked with a small 
test arrangement. An integrated LED indicated 4 cases of 
functionality: Case 1: Slow flashing (1.6 s) OK; Case 2: Fast 
flashing (0.4 s), water has penetrated; Case 3: PWR LED 
only, cable from digital input defective; Case 4: No LED, 
electronics defective.

2.3 � Participants and study design

We compared the vital signs of pulse and skin temperature of 
the developed Multi-Modal Smart Textile (MMST) prototype 
with a validated pulse oximeter (OxyTrue® A SMARTsat—
SpO2 monitor by bluepoint MEDICAL GmbH & Co. KG) 
and a laser surface thermometer (Basetech 350C12 infrared-
thermometer Optik 12:1 -50 to 350 °C Pyrometer). The sen-
sory measurement of mobility and body position was validated 
with the clinical view of experts.

The testing comprised two different phases. Phase 1 was 
to compare values of the MMST to values of an external 
measurement mentioned above to check the data for validity. 
Phase 2 was to continuously record data for some period of 
time to check for reliability. Both phases took place between 
May and July 2019 and were conducted in the laboratory of 
the Geriatrics Research Group in Berlin. In order to recruit 
suitable test persons, information materials (test person 
information, flyers, etc.) were handed out during public 
presentations of the project and we placed a public notice in 
our facilities to find participants for the study. We informed 
the participants about the study procedure and data protec-
tion. After giving their informed consent, the test persons 
received the prototype of the shirt. Empirical testing of 

Fig. 3   shows and rear side (facing the body) (from left) of the in-built 
microelectronic system ([w x h x d] 4,9 × 3.4x 0.5)
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different positions and situations (walk, sit, stand, lie down 
on different sides) of healthy test persons involved testing the 
data-gathering quality of the smart textiles regarding vital 
signs and activity data detectable by the sensors. In order to 
test the optimal position of the sensors on or in the textile, 
it was necessary for the subjects to wear the smart textile 
prototype for a short time.

The testing started with phase 1: First, the vital signs and 
movement were measured while the subject was resting. The 
same measurements were then taken just after the subject 
had exercised (going up and down 1–2 flights of stairs). Dif-
ferent body positions were tested, for example moving from 
a sitting to a standing position or while walking. At the same 
time, the measurements of the vital statistics and movements 
were taken with well established clinical devices (pulse), 
other external devices (temperature) and / or observation 
criteria (experts’ observation of the movements). Skin tem-
perature was measured using the laser surface thermometer 

very near to the temperature sensor site on the shirt. The 
movements of the test persons (such as reclining on their 
left side or standing upright) were documented according to 
the derivation in the APP, at the same time data was gath-
ered regarding the movements actually observed by the test 
coordinator.

For phase 2 we followed this plan: in order to investigate 
the continuous recording or measurement of the parameters, 
the prototype of the shirt was worn by three test persons over 
a longer period of between 25 and 50 min and the data was 
collected continuously. During the measurement, the test 
persons recorded abnormalities and the functionality of the 
shirt and app. Among other things, they tested whether the 
sensor data were displayed on the app and the data trans-
mission and correct position of the individual sensors in 
the textile worked in a way that enabled precise measure-
ment results of the vital parameters to be obtained. In the 
background, the app recorded the continuous sensor data, 

Fig. 4   a: Functional sample with integrated microelectronics ([w 
x h x d] 6.9 × 4.4 × 1.1  cm) and interior breast pocket to accommo-
date the battery (T-Shirt is inside out) The functional model consists 
of the assemblies shown in Fig. 4a. 1. skin moisture sensors made of 
electrically conductive, stretchable knitted or embroidered materi-
als. (→ did not pass functionality test and was therefore excluded for 
the study) 2. waterproof, washable, flexible textile surface conduc-
tors®, which can also be directly contacted and encapsulated directly 
with the electronics, thus providing strain relief.3. processing unit in 
the form of microprocessor hardware. 4. sensors for movement and 
body position (update frequency 200  ms), skin temperature (update 
frequency 10  s) and pulse (update frequency 100  ms). 5. area con-

ductor with battery connection and connection to the processing unit 
– located underneath the breast pocket. 6. battery pocket with visu-
alised battery. (later encapseled) 7. breathing sensor made of elec-
trically conductive, stretchable knitted materials. (→ did not pass 
functionality test and was therefore excluded for the study) Legend 
(German → English): Versorgung→ Energy supply Ladeeinrichtung 
→ Charger Ladung → Charge Energispeicher →Energy storage Zen-
tralprocessor → CPU Datenspreicher → Data storage Messwerter-
fassung → Data acquisition Interne Sensoren→Internal sensors 
movement and puls Textile Sensoren (not part of this study b: Sche-
matic /block diagram of the system
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which was stored on the tablet. A function for long-term 
data storage was implemented. A CSV file was created for 
each test person to log all vital parameters per second. The 
measurements and corresponding observations were gath-
ered in a standardised protocol and subsequently fed into 
to the statistics programme SPSS. The ethics committee of 

the respective university hospital approved the procedure 
in March 2018. All participants gave their written informed 
consent to participate in the study.

2.3.1 � Data analysis

The data from the two different observations of phase 1 were 
synchronized in an excel file, the measurements of phase 2 
were recorded and all data were analysed using SPSS 24. 
For the phase 1 measurements, we compared the two vital 
signs of pulse and temperature between the two systems. We 
used the mean values of the measurements per body position 
to compare the systems. To identify the re-test reliability 
for measurement, there were repetitions for each system. 
Interclass correlation coefficients (ICC) with 95% confi-
dence intervals (CI) were calculated. In order to validate 
the measurement of the accelerometer, the data of the shirt 
was compared to the observed body position of the partici-
pant. In order to check the match of these two observations, 
Cohen’s kappa is calculated. For phase 2 the data were plot-
ted in line graphs.

2.4 � Subjects

Five healthy adults participated in the study in phase 1, three 
of those participated in phase 2. Participants were on average 
38.6 years old (± 17.93 years, range: 23 to 67 years). Study 
phase 1 (phase 2) included four (two) female participants and 
one (one) male participant. The mean height was 174 cm (SD 
0.15, range 161–200 cm). The regular shirt size of the partici-
pants were 2 times small, 2 times large and 1 medium. How-
ever, the prototypes were only available in small and medium 
sizes, so the tests were carried out with these. For phase 1, 
between 12 and 25 measurements per individual were con-
ducted. For phase 2, the time period in which the individuals 
were wearing the MMST was 1500 s (25 min). All participants 
gave their written informed consent to participate in the study.

Fig. 5   Multi-Modal Smart Textile APP for android tablets and smart-
phones (in German) showing the current status of the individual. In 
the right side under the figures the limits for an alarm are shown. The 
translation is as follows: Legend (German → English): • Tempera-
tur → temperature • Einstellung → setting • Zeit ohen Bewegung 
→ time whithout movement • Aktuelle Lage Rückenlage →current 
position,supine • Pulse → pulse

Table 1   Mean values, standard 
deviation for pulse and 
temperature measurements 
of the smart textiles and 
conventional external measuring 
devices in comparison 
n = number of measurements

smart textiles external device

Position/
activity

mean sd n Mean sd n

pulse standing 86.6 9.5 9 80.4 20.5 9
sitting 86.8 22.7 22 71.9 12.7 22
lying down 75.5 17.9 24 67.2 10.0 24
moving 85.1 21.8 29 80.4 17.4 29
Total 82.9 20.3 84 74.4 15.6 84

temperature standing 32.1 1.2 4 31.8 0.9 4
sitting 33.6 1.1 6 32.9 1.2 6
lying down 34.1 0.5 7 31.7 1.9 7
moving 34.6 0.5 9 33.8 0.9 9
Total 33.9 1.1 26 32.7 1.6 26
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3 � Results

3.1 � Descriptives

The results of phase 1 are comprised in Table 1 to Table 3.
Table 1 reports the mean values and standard devia-

tions for mean values between the systems of smart textiles 
measurement and conventional external measuring devices. 
Reported mean values of the different measuring instru-
ments differed in a heterogeneous pattern. In particular, the 
standard deviations of pulse measurements are considered 
high for the sensor shirt. The number of measurements of 
the different movement activities (e.g. walking) and differ-
ent parameters varied. This is due to the fact, that not all of 
the derived parameters could be measured with the same 
quality. For instance, the pulse measurements often fluctu-
ated between low and high results when the shirt was worn. 
Therefore, the measurement of pulse was more frequently 
than of temperature.

3.2 � Intraclass correlation coefficient (ICC) 
and Cohen’s Kappa

Table 2 reports the ICC levels of agreement between the 
measurements of the smart textiles and the conventional 
clinical devices. The ICC for pulse measurement shows 

a poor match overall between test and control devices. 
Moreover, the results are statistically not significant. Over-
all, the ICC for temperature measurement shows in total a 
(near to) moderate match between the measurements of the 
smart textiles and the conventional measurement systems. 
In particular, the temperature values in a sitting position 
show a higher level of agreement between smart textiles 
and the external measuring devices than in other positions. 
This result is statistically significant. Furthermore, the ICC 
shows also a high level of agreement in temperature read-
ings for both measurement methods in a standing position. 
However, this result is not statistically significant.

Table 3 shows a cross-table of observed body positions 
in comparison to the body positions displayed by the smart 
textiles. In 39 observations, 34 observations matched in 
agreement. 5 results show a disagreement in the observa-
tion. The table shows a Cohen’s Kappa of 0.765 and thus 
a high interrater reliability and a high match between the 
results of the observations and the results of the smart 
textiles. The results are statistically significant.

The results of phase 2 (reliability) are comprised in 
Fig. 6a to c, the 3 different colours (blue, red, green) indicate 
the 3 different individuals who tested the devices.

Figure 6a shows the different pulse values over the course 
of the examination. The pulse measurements ranged from 60 
to 130 beats per minute rapidly. This is a high fluctuation.

Table 2   ICC and Confidence 
Intervals for the measurements 
of pulse and temperature

ICC 95% lower ICC 95% upper ICC P-Value

pulse standing 0.232a -0.469 0.753 0.260
sitting 0.036a -0.383 0.443 0.435
lying down -0.070a -0.453 0.336 0.630
moving 0.052a -0.315 0.405 0.393
Total 0.096a -0.120 0.303 0.191

temperature standing 0.733a -0.408 0.980 0.079
sitting 0.817a 0.162 0.972 0.012
lying down 0.130a -0.635 0.766 0.379
moving 0.077a -0.583 0.676 0.416
Total 0.473a 0.112 0.723 0.006

Table 3   Cohen’s Kappa and cross-table of observed body positions in comparison to smart textiles, key: 1 = upright body position, 2 = supine 
position, 3 = right reclining position, 4 = left reclining position

body position by observation Kappa

1 2 3 4 Total

n % n % n % n % N % p

body position by smart textile 1 23 59.0% 0 0.0% 1 2.6% 0 0.0% 24 61.5% 0.765 (< 0.001)
2 1 2.6% 5 12.8% 0 0.0% 1 2.6% 7 17.9%
3 2 5.1% 0 0.0% 3 7.7% 0 0.0% 5 12.8%
4 0 0.0% 0 0.0% 0 0.0% 3 7.7% 3 7.7%

total 26 66.7% 5 12.8% 4 10.3% 4 10.3% 39 100.0%
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Figure 6b shows that the given values of the sensor first 
rise continuously and then remain stable at about 35 °C on 
test person A and B. The fluctuations are smaller for the 
temperature measurement than for the other measurements 
of the sensors. Figure 6c shows the different body positions 
during testing in phase 2.

3.3 � Results from the washability testing

The results of the washing test of the encapsulated electronic 
module is shown in Table 4. As long as no fabric softener 
is used, there were no visual abnormities. Full functionality 
remained after all washings.

4 � Discussion

The development and testing of a washable multimodal 
wearable monitoring system contained different steps with 
heterogeneous results. We were able to integrate the different 
sensors, microelectronics and technology for data transmis-
sion in a washable textile at a reasonable price. The material 
costs for the prototypes shown here cost about 100 euros. 
This price could be reduced to half if the quantities are large 
enough. In this way, we were able to stick goal of develop-
ing a system that is as cost-effective as possible and afford-
able for many people in need of care. The project started 
in 2016. Although some sources about the washability of 
E-Textiles were available at that date, we can observe that in 
the last year a rapid development in this area has occurred. 
Maxey emphasized that one should not ask whether such a 
textile is ether washable or not but rather “how much does 
it degrade after how many cycles and at what setting?” to 
decide whether or not it is suitable for one purpose [24]. The 
washability tests were positive. The electronic including the 
rechargeable NiMH has been washed more than 30 times 
with different methods and survived these without damage.. 
The design of a mobile app to show the results was success-
ful. Results were transferred and displayed in a reliable form. 
The results of the tested parameters pulse, temperature and 
body position will be discussed in more detail below.

4.1 � Pulse

In the study, correct derivations of the vital parameter of 
pulse appeared briefly. In principle, the results indicated 
an insufficient derivation of this vital function in terms of 
a valid and reliable measurement. On the one hand it was 
not possible to achieve a continuous derivation of the pulse 
parameter using the textile, and on the other hand the match 
between test and control devices was insufficient. The tar-
geted detection of the pulse on the clavicular artery via two 
adjacent infrared sensors was possible only to a degree. The 

sensors were located in the ‘technical unit’, which was still 
rather bulky in the prototype, a therefore had a considerable 
weight (around 75 g). As a consequence, the sensors often 
slipped from their position during the measurement and were 
sometimes unable to measure the values. This might be less 
of a problem, if the device becomes lighter and smaller, as 
this would be our aim in the next step. To our big surprise, 
that even occurred when the participants were lying down 
or sitting. Unfortunately, it seems like the optical sensors 
at this location were very sensitive regarding even lightest 
movements or even breathing. When the sensor were held 
tightly in place by pressing it down manually, the reading 
was correct. Therefore, the textiles should be tailor-made to 
fit individual wearers and need to fit more snugly. So it can 
be stated, that for not tight-fitting textiles, a SpO2 sensor is 
not a good solution for heart rate measurement. This would 
require a comprehensive technical and material reworking of 
the textile, followed by renewed testing to determine whether 
the pulse parameter can be shown in a valid and reliable 
manner and can therefore be of use for those concerned and 
those in need of care. Also alternative technology like the 
use of Fiber Bragg Grating seems to be promising an should 
be considered [28].

4.2 � Temperature

Regarding the parameter of temperature, the results are diffi-
cult to interpret. Whilst the results of Fig. 6b indicate that the 
continuous measurement—after some time that the device 
needs to equilibrate—provides a sufficient level of stabil-
ity, however the accuracy of this measurement can not be 
determined due to serious flaws in the methodology that has 
been applied. In the reviewing process of this manuscript, 
it became clear, that the laser thermometer that we used 
was not accurate enough. The results of Table 1 indicate 
not only that many of the reported mean skin temperatures 
recorded are lower than would be expected at this site but 
also that standard deviations of the external device are very 
high. So why did we use such an external device with such 
a low accuracy? In fact initially, we ordered a quite accurate 
laser thermometer for our study but the university adminis-
tration, addressing economic efficiency, ordered a significant 
cheaper device with a much lower accuracy. Moreover, an 
unexperienced research assistant who did not notice the high 
discrepancies took the measurements with this inaccurate 
device. Finally, although these measurements started after 
at least 5 to 10 min, it cannot be guaranteed that the ther-
mometer of the smart shirt had enough time to equilibrate. 
These potential pitfalls in temperature measurements shows 
once again the importance of maintaining high scientific 
standards and quality measures in every step of the research 
process and must be taken care of in future research. Promis-
ing current devolpements are fibers that sense temperature 
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Fig. 6   a: Pulse (BPM) b: Temperature (°Celsius) c: Body Position
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through a thermo-resistive effect [29], but still some chal-
lenges in the design of smart materials remain high [30].

The potential lower precision of the measured values has 
to be considered in the context of costs and intended use. In 
our case – as we stated in the introduction – it should rather 
serve as a screening tool. Also, changes in temperature 
should only be reported in the app, every 10–15 min. With 
all the measurements in this time period, the microprocessor 
can provide a reliable mean value, even neglecting outliers. 
As long as the standard deviations are then normally distrib-
uted, a lower accuracy would not really affect the results and 
the components for the device can remain cheap. In medical 
context, the core body temperature is usually mostly rel-
evant, but also the temperature of the body surface the data 
can be considered useful for monitoring care dependent indi-
viduals. This allows to detect a temperature rise and enable 
an appropriately immediate intervention. Another reason is 
that care dependent people often loose their ability to sense 
the “right” temperature for themselves, resulting in inad-
equate dressing themselves. Such a smart textile could help 
care providers to add are remove clothing in care dependent 
people if they are are “too cold” or “to hot”. The fact that 
measurements taken in sitting and standing positions show 
more reliable results indicates or even concludes that the 
shirt was sitting correctly in these positions and therefore a 
reliable derivation was possible.

4.3 � Mobility / change of position

Regarding the mobility parameter, there was a good to suffi-
cient quality of the data regarding validity and reliability. On 
the one hand, the respective position of the test person (for 
instance sitting or lying on their left / right side, etc.) and 
any change of position adopted by the user was recognized 
and registered on the end-device with a short latency. On the 
other hand, reliable results were achieved even with repeated 
measurements. Furthermore, the display of the values was 
possible in a mostly continuous (without interruption) and 
error-free manner. The fact that derivation was error-free 

in a sitting and standing position in particular is probably 
due to the textile fitting close to the body, which was not 
the case when lying down on the right or left side of the 
body. It therefore seems practical to tailor the textiles more 
individually for a better fit, so the derivation of the mobility 
or change of position works independently of the position. 
The parameter mobility / change of position is crucial for 
preventing bedsores and falls as well as recognizing falls. 
Fraile et al. point out that the use of non-visible, wearable 
sensor technology for mobility monitoring in people in need 
of care can be advantageous [31]. With continuous monitor-
ing available in real time for instance, a fall can be avoided 
if the sensor triggers an alarm on the respective end device 
of the relative or carer. Other studies show that the sensor 
technology applied for mobility data gathering is practica-
ble. Culhane, et al. [32] are of the opinion that long-term 
mobility observation by use of an accelerometer is a practi-
cal instrument in the clinical field. In this case activities 
such as sitting, standing, lying down and moving could be 
differentiated by use of the monitoring system [32] in people 
with limited mobility in particular. It should be noted that 
by using this and further sensory technologies, a precise, 
low-cost and easily implemented evaluation of the risk of 
falls could be achieved. [33]. Although few studies are cur-
rently available to provide clinical evidence, Pickham et al. 
were able to demonstrate that by using wearable sensors, 
the incidence of pressure ulcers in patients in intensive care 
could be reduced [34].

Continuous monitoring in real time can protect people 
in care from bedsores and falls. For example, a fall can be 
avoided if a sensor triggers an alarm on the corresponding 
end device of the relative or carer as soon as an immobile 
person tries to stand up alone. Ultimately it can help to 
avoid an over- or under provision of care for the patient in 
the prevention of bedsores. Instead of scheduling a change 
of position every two or three hours, this can happen as 
and when it is required. Often, those receiving care still 
retain a minimal level of remaining mobility, so they are 
able to move by themselves [35]. A continuously active 

Table 4   Washing tests of the encapsulated electronic module

# of cycles Washing process Duration
(hh:mm)

Spin Speed 
(rpm)

Visual abnormalities Functionality

1 without detergent; 40 °C 01:04 400 none O.K
2 with detergent & fabric softener; 40 °C 01:04 400 silicone slightly torn O.K
3 without Detergent; 60 °C 01:19 400 none O.K
4 with Detergent with 2 kg laundry; 40 °C 01:04 400 none O.K
5 with Detergent with 2 kg laundry; 95 °C 01:51 1000 none O.K
6.-16 11 × washing with 2 kg laundry; 40 °C 01:20 800 none O.K
17.- 30 14 × 11x washing with 2 kg laundry; 60 °C 01:30 800 none O.K
31 continuously in water 48:00 - none O.K
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movement sensor can detect this, hence avoiding unneces-
sary disturbances (of night rest), and relieving care staff 
and relatives, thus contributing to a higher level of patient 
safety and quality of care.

5 � Conclusions

Despite the experienced pitfalls and methodological flaws 
of our study, we think we were able to show some prom-
ising developments that we like to share hereby with the 
research community. Our used potting compound Wepuran 
106 casting resin VT 3402 is solvent-free/VOC-free (Vola-
tile Organic Compounds), has a high mechanical strength, 
very good protection against impact, shock and vibration 
and is resistant to water, moisture, condensation water and 
numerous chemicals, alkalis, acids and oils. However, the 
manufacturer does not directly guarantee particularly good 
skin compatibility over a long period of time. We have 
not carried out long-term tests (longer than 5 days) on 
the human body. Therefore, future studies may focus on 
this important safety issue. We are still convinces, that 
if our washable developed multimodal smart textiles can 
be successfully modified so that the readings of all vital 
parameters (pulse, temperature and mobility) deliver reli-
able results, there would be many advantages for looking 
after patients who need care, even in an emergency [36]. 
As a result of this study, it is clear that multiple different 
sensors have to be used in different body positions in a 
smart textile. This redundancy can help to detect deriva-
tion errors. However, since the correct wearing cannot be 
guaranteed, it should be considered that the “pulse-rate” 
should be delivered from another device like a watch or 
maybe a smart bracelet. Relatively good functionality of 
the body position detection and the temperature could 
offer the opportunity to first develop a shirt which offers 
only this functionality. The advantage would be that such 
a shirt – if it delivers no vital data – would not be clas-
sified as a risk class 2b medicinal product. In this case 
the licence would be much harder to obtain and the final 
price much higher, making the widespread use of such a 
system considerably more difficult. Regarding the wash-
ability, softener should be avoided, but this is something 
that many young people may know from other functional 
fabrics. Since our smart textile addresses rather older 
individual, adequate care instructions can become very 
important for washing an e-textile [24].

5.1 � Perspectives

Although Heo et al. highlighted a couple of challenges in 
textile-based wearable sensors [37], but considering the 
fast increase in research and development in this area, it 

can be expected that this goals will be achievable in the 
next few years [38–42]. We are aware that the use of other 
technology like textile-integrated polymer optical fiber 
sensors would reduce the size and weight of the device 
and may increase the comfort for those wearing the smart 
textile. However, an encapsulated microprocessor would 
still be necessary and also the cost of the whole device 
would definitely higher. As we learned from our partici-
pants, if it is possible to reduce the size of all encapsulated 
devices down to the size and weight of a small brooth, 
our technology is quite acceptable. In recent years impor-
tant progress regarding self-powered platforms in textiles 
[43], and garments with higher mechanical compliance 
[44] were reported. However, some of the solutions are 
still quite expensive and therefore difficult to implement 
broadly in healthcare. As the sensor could be integrated 
within the textile, people in care need not be troubled by 
constantly putting on and taking off the wearable and can 
be accompanied in a discreet and mainly unnoticeable way 
though out the day. A modification of the shirt would first 
be required, with subsequent testing for scientific further 
development. Along with the optimisation of the techni-
cal components, the focus should definitely be on the shirt 
sitting correctly on the person in care.

In view of the fact that relatives caring for family mem-
bers are subject to enormous psychological burden and fears, 
continuous monitoring could raise their sense of security 
considerably. If the information is processed in a way which 
is practical and available to all care staff involved (carers, 
doctors, therapists) this way of feeding back can help in 
adapting treatment. The increase use of artificial intelligence 
an machine learning algorithms will help to support this 
purpose [45]. This is particularly important if the patient has 
a limited ability to communicate due to dementia. With the 
implementation of such technology, one must consider that 
professional as well as informal carers should be trained in 
the correct use of the clothing. If this is considered, this kind 
of smart technology not only has a greater chance of accept-
ance and use in the care of people who need it but could have 
a great impact on our healthcare system. As Kumari et al. 
formulated in 2017 in his review of ‘Wearable Monitoring 
Technology’: “wearable wireless sensors in which continu-
ous monitoring of patients is possible in real time even with-
out hospitalization. This may be a complete transformation 
of existing healthcare system” [46].
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