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Abstract:  

Recent studies have been focused on the 3D-printed wearable passive sensor on fabric for health 

monitoring, tracking users, muscle movement, etc. Also, some review reports have been published on 

wearable sensors based on their types, applications, design, fabrication techniques, etc. But hitherto less 

has been testified on the scope of 3D printing in wearable passive sensors on fabric for wireless fidelity 

(WiFi) and fifth-generation (5G) technology applications. In this study, a state-of-the-art review along 

with bibliometric analysis has been presented on the 3D-printed wearable sensors on fabric. Also, a 

short case study on the wearable passive sensor has been performed by printing thermoplastic 

polyurethane (TPU) on the woven cotton lycra fabric (WCLF) using fused filament fabrication (FFF). 

The framework for the sensor design with high-frequency simulation software (HFSS) and FFF has 

been presented for the resonating frequency (Rf) of 4.90 GHz (for WiFi and 5G applications).  
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1. Introduction:  

Recently, wearable sensors have been extensively used for wireless medical, health care, military, and 

mobile communications applications [1]. Wearable sensors play an essential part in the progress, 

flexibility, and capacities of Internet of Things (IoT)-based systems. Because of its appealing form and 

practical user interface, the application of wearable sensors in smart glasses and smartwatches has 

acquired commercial traction [2]. The mechanical properties of wearable sensors such as bending, 

wrinkling, and stress have widely opened their applications in many fields of modern electronics. 

Wearable sensors have been used to sense the soil/sand/snow [3], relative humidity [4], pH [5], moisture 

[6], glucose level [7], etc. The unobtrusive nature of wearable sensors necessitates their incorporation 

into clothes, eliminating the interruption with the user's typical routine and mitigating the annoyance in 

daily tasks. Incorporating sensors into textiles (clothing) influences modern living, giving many military 

and medical applications such as heart or brain disease assessments. The wearable fitness solution 

industry has shown growth to $34×103 million (in 2020) and is expected to increase in the future [8]. 

Wearable sensors embedded into clothing such as armbands, hats, and outfits have piqued the curiosity 

of researchers. Wearable antennas have applications in the body area network (BAN) for dependable 

and robust communication between bodies, enabling enormous IoT to monitor health metrics like pulse 

rate, body temperature, user position, and so on [8]. To allow for simple application on textiles, wearable 

sensors should be flexible, allowing for conformability, easy bending, and wrinkling [9]. Studies have 

shown the use of different materials such as textile, paper, polymers, plastic, and fabrics (due to their 

flexibility and ease of bending or twisting) but the limited thickness of these substrates has put some 

constraints on their use.  Whereas, the low relative permittivity of the textiles has been improved by 

printing TPU on WCLF by using FFF with marginal change in flexibility. The study has also mentioned 

the effect of the human body and wearable sensors on each other [10]. Wearable passive sensors are 

being widely used to sense micro-surface features, deformations, and body movements and to look after 

human health [11, 12]. In the coming time, wearable sensors may play an important role in clothing 

communication among users, the scheduling of spare periods, and navigating the world [13]. The 

adverse effects of electromagnetic waves on the body are a challenge in wearable sensors-based sensors. 



To reduce this problem grounded sensors have been preferred [14]. The microstrip patch antenna 

(MPA) may be used for wearable sensor applications which also reduces the sensor's losses due to the 

body. An MPA is usually made up of a dielectric layer (for support and strength), a conductive patch 

(for radiating waves), and conductive ground (Fig. 1). 

 

Fig.1: View of MPA as a sensor 

1.1 Wearable sensors: Some studies have been reported to expand the performance of sensors, strength, 

and suitability for different environments by plating with dielectric [15-17] and conductive materials 

and their shapes and sizes [18-21]. The most important consideration is the material selection for the 

substrate for the wearable sensors as it should have low losses leading to better sensing characteristics 

when placed on the body [22]. Researchers have used papers [23], fabrics [24], and plastics [25] as 

dielectric materials for wearable sensors out of which fabric materials have been mostly used owing to 

good flexibility and availability. The wearable sensors may be divided into non-textile and fully textile 

sensors [13] (Fig. 2). 

 

Fig. 2: Types of wearable sensors 

Significant studies have been reported on different types of non-textile wearable sensors such as Cu 

sensors [26, 27], ornamental customized sensors [28-39], and plaster-like sensors [40-44] (Table 1). 

The non-textile type of sensors is integrated with accessories such as buttons, glasses [44-46], jewelry, 

bags, shoes, belts, etc. [47-51]. 

Table 1: Reported studies on different types of non-textile wearable sensors 

Type of 

Non-Textile 

wearable sensor 

Substrate material 

used 

Working 

frequency 

Purpose of Study Reference 

Wearable Sensor

Non-
Textile

Flexible 
Cu 

sensors

Ornamental 
custimized 

sensors

Plaster 
like 

sensors 

Fully 
Textile

Embroidered 
sensors

E-Textile 
based 

sensors

Non woven 
conductive 

fabrics 
(NWCFs)-

based sensors

Inkjet and 
screen 
printed 
sensors



 

 

 

 

 

 

 

 

 

Cu sensors 

Poly- 

dimethyl siloxane 

(PDMS) 

6.2 to 6.4 GHz Complementary metal oxide 

semiconductor (CMOS) 

chips for flexible radio 

frequency integrated circuit 

(RFIC) applications 

[27] 

Textile 136-176 MHz Land mobile radio (LMR) 

application 

[45] 

Jeans-cotton 

-poly cot-

polyester 

406 MHz and 

850 MHz 

Body-centered or wearable 

applications 

[46] 

Felt fabric 2.45 GHz Effect of bending on sensors 

performance 

[47] 

FR4 

Poly amide 

Paper 

0.8-0.9 GHz Radiofrequency 

identification (RFID) tags 

using a cutting plotter and 

solid ink-based tag 

prototyping 

[48] 

Polyamide -------- The Cu layer was machined 

using micro-milling 

technology 

[49] 

Cotton woven 

fabric 

60 GHz band Body centric applications [50] 

polydimethylsilox

ane 

2.45 GHz Sensor robustness was tested 

based on washing and 

bending tests. 

[51] 

 

 

 

 

 

 

 

 

Ornamental 

sensors 

Polytetrafluoroeth

ylene (PTFE) 

Dual-band  Button size sensors used in 

Denim jackets for WLAN 

applications 

[28] 

Felt fabric 2.5 GHz A zip-based tunable sensor 

has been designed and 

characterized for WiFi 

applications 

[29] 

Textile Working for a 

bandwidth of 

3.1 GHz to 12.4 

GHz 

Button-type sensors   [32] 

RT/duroid® 2.45 GHz Cuff button sensors for 

wireless local area network 

(WLAN), Bluetooth 

[33] 

Barium–strontium 

hexaferrite 

0.85 GHz Magneto-dielectric material 

was used to miniaturize the 

sensors 

[34] 

Velcro substrate 2.45/ 5GHz Small-size wearable sensors 

for WLAN applications 

[35] 

Polymer with 6.6 

dielectric constant  

2.45 GHz Button-shaped sensors  [36] 

Polyamide 2.4–2.5 GHz Sensors such as wearable 

glasses have been purposed 

and a specific absorption rate 

(SAR) value has also been 

kept within range. 

[37] 

 

 

PDMS 2- 2.9 GHz A planar inverted F sensor by 

depositing nanoscale gold and 

[42] 



 

 

Plaster like 

sensors 

its RF characteristics on 10 % 

strain has also been discussed. 

PDMS with 

barium-titanate 

868 MHz A strain sensor to detect 

eyebrow  or neck  skin stretch 

has been designed 

[42] 

Bio silicon Frequency 

varies based on 

the skin type  

An epidermal sensor has been 

modified  

[44] 

In fully-textile sensors, the conductive, as well as dielectric parts of the sensors, need to be textile. The 

fully textile sensors can be embedded easily in the garments due to their flexibility and lightweight [13]. 

The fully textile sensors may be further classified into embroidered [40, 52-62], electro-textiles [51, 63-

69], NWCFs [70-74], inkjet [75-79], and screen-printed -based [80-84] (Table 2). 

Table 2: Reported studies on different types of fully textile wearable sensors 

Fully Textile 

wearable 

Sensors 

Dielectric 

Material 

Conductive material Purpose of study Reference 

 

 

 

 

 

 

 

 

 

 

 

 

 

Embroidered 

sensors 

Taconic RF-45 Amberstrand thread Stitch direction, spacing 

on sensor performance 

[57] 

Rogers® 6006 AmberStrand® Silver 

Clad Fiber 

The embroidered sensors 

have been compared with 

the Cu patch sensors and 

the effect of stitches 

geometries was explored 

[83] 

Felt 

Cloth 

234/34 2-ply Ag 

plated nylon type 

thread 

A digital embroidery 

machine has been used to 

fabricate 

a textile-based frequency-

selective surface 

[58] 

Felt Fabric 

Denim fabric 

Silver-plated nylon 

threads 

The fractal sensors have 

been designed to resonate 

at more than one 

frequency band. 

[60] 

PDMS Elektrisola E-threads A low-cost and fast 

embroidery process has 

been presented to achieve 

a precision of 0.1mm 

which is similar to the 

reported precision on 

printed circuit board 

prototypes for 

applications in neuro 

potentials 

 

[61] 

Organza fabric 7-filament Electrisola 

e-threads 

A process has been 

purposed to create 

colorful textile sensors  

[62] 

 

 

 

 

 

 

Woolen felt fabric 1) Ni-plated 

woven fabric 

2) Ag-plated 

knitted fabric 

3) Ag–Cu–Ni 

plated fabric 

The characterization of 

the 4 different sensors has 

been done under bending 

for body wearable 

applications and it was 

observed that the sensors 

[63] 



 

Electro 

textile-based 

sensors 

can be bent at a radius of 

37.5 mm without 

affecting the performance 

of the sensor 

Fleece fabric Flectron The substrate and 

conductive part have been 

assembled by using an 

adhesive sheet and 

ironing eliminating the 

need for stitching. 

[66] 

Fleece fabric FlecTron®, 

Shieldit™ Super, and 

Zelt 

The basic steps to design 

a textile sensor have been 

discussed using three 

different conductive 

fabrics and a comparison 

has been performed 

[67] 

 

 

 

 

 

Non-woven 

conductive 

fabric-based 

sensors 

Jeans Nylon self-adhesive 

conductive non-

woven fabric with a 

Cu plating  

Sensors in LACOSTE/ 

APPLE logos  

[70] 

Jeans Nylon non-woven 

with a Cu plating 

APPLE logo-shaped 

sensors  

[84] 

Leather NWCFs with a 

surface 

resistivity of 

0.04Ω/sq. 

Sensors working in the 

global positioning system 

(GPS) L1 band (1575.42 

MHz) and the global 

system for mobile 

communication  

[72] 

 

 

 

 

 

 

 

 

Inkjet and 

screen-

printed 

sensors 

Cotton/polyester 

(CO/PES) 

Electrotextile Flectron 

or conductive ink 

Electrodag PF 410 

 

 

This study proposed two 

washable sensors one 

using electro textiles and 

the second using inkjet 

printing, coating of 

thermoplastic 

polyurethane was done 

against water absorption 

and corrosion 

[74] 

Plain weave 100% 

cotton fabric and 

35% cotton, 65% 

polyester interlock 

knitted fabric 

Electrically 

conductive polymer 

thick film 

Different coating 

materials (acrylic, epoxy, 

latex, silicone, Polyvinyl 

acetate adhesive, and 

Water-resistant polyvinyl 

acetate adhesive) were 

used for wash-ability and 

reliability on screen 

printed sensors 

[75] 

20%CO/80%PES 

and 100% 

polyester (PES) 

woven fabric 

DuPont (5025) ink 

Electrodag PF 410 ink 

The screen-printed 

sensors were tested 

against washability for 

TPU-coated and uncoated 

conditions for 20 washing 

cycles 

[77] 

65/35 Inkjet-printable silver 

U5714 

An interfacial layer of 

Fabink UV-IF1, using 

[78] 



polyester cotton 

woven fabric 

screen printing, was 

applied to the fabric to fill 

the gaps in weaves 

making it easier to use the 

inkjet printing technique. 

Sensor’s performance 

was also measured at 

bending conditions 

The wearable sensors in flexible electronics have given a new direction to flexible textile-based sensors 

[55, 86] providing options for producing smart garments. The current development of textile 

technologies [87, 88] led to the development of textile-based wearable sensors providing an opportunity 

to diagnose diseases, therapy, and security robotics [89, 90]. Textiles have gained consideration as a 

substrate in the construction of wearable sensors called smart garments by directly integrating wearable 

electronics which have to be flexible, lightweight, and durable [91-93].  

Fabric is a liable substance constructed by the twining web of fibers which can be a natural as well as 

an artificial set of filaments. The literature review outlined that a lot of studies have been reported on 

wearable textile-based sensors. The classification of the fabrics explored for 3D printing of wearable 

sensors is shown in Fig. 2.  Woven fabrics [94] are manufactured on a loom by interlacing two yarns 

with each other as shown in Fig.2. The yarn along the length of is known as warp and the yarn's long 

horizontal direction is called weft [95-100]. The woven fabrics are classified based on the structure [96, 

97-100] and how the warp and weft cross each other. Knitted fabric [101-106] is manufactured by 

interloping yarn.  

 

Fig. 3: Classification of fabrics based on their construction 

Some recently published articles on wearable sensors are shown in Table 3 (as per classification in Fig. 

3). 



Table 3: Published review articles on wearable sensors 

Basis of review Reference 

Smart textiles have been reviewed for wearable 

electronics 

[107] 

Challenges faced in embroidery and related 

techniques have been discussed 

[108] 

A survey on textile materials available for wearable 

electronics has been done 

[92] 

Wearable sensors for medical applications [109] 

Wearable sensors for wireless body area network 

(WBAN)  

[110] 

The challenges for designing wearable microstrip 

patch sensors have been reviewed with future 

directions in this field. 

[111] 

Wireless body-centric applications [112] 

Wearable sensors operating below 1 GHz  [113] 

5G wearable sensors [114] 

 

Based on Table 3, it has been ascertained that a lot of work has been reported on wearable sensors 

specifically on the different techniques, materials, and applications. However, the part of 3D printing 

in the field of wearable sensors has not been much discussed.  

1.2 The role of 3D printing in sensor applications: 3D printing is an additive manufacturing (AM) 

process that can fabricate certain designs by adding layers of certain metals or plastics [115-116]. 

Different materials are printed into different complex 3D products using layer-by-layer deposition [118-

121]. Different printing technologies (Fig. 4) have been used to fulfill the different applications, 

materials, and needs [122].  

 

Fig. 4: Different 3D printing techniques 

3D printing has attracted a lot of enthusiasm in certain fields like the wireless electronics industry 

[123,124]. This fabrication method provides a substrate with the desired thickness, filling, shape, 

permittivity, weight, and flexibility [125]. Commercially, there are a lot of 3D printing techniques but 

FFF has given flexibility in structure and material density [126] permitting the change in dielectric 

constant and loss tangent. The effect of complex substrate structures, printed using FDM, has been 

discussed by some researchers [127]. In another study [128], authors printed ZnO nanoparticle-

reinforced PVDF composite for the fabrication of biomedical sensors. Overall, for wearable 



applications 3D printing has been developed as a simple, economical, and fast fabrication technique as 

compared to conventional processes [129]. It has also shown application in fabricating customized 

wearable sensors [130,131].  Ninjaflex was successfully printed with FFF as a substrate of wearable 

sensors by some researchers [132, 133]. Further, flexible polymeric materials such as 

polydimethylsiloxane (PDMS), TPU, and photosensitive resin (UV resin) have also been used as 

flexible 3D printed substrates for wearable and flexible sensors [134-137]. Some recent studies on 3D-

printed wearable sensors using different printing techniques are shown in Table 4. 

Table 4: Different AM techniques used in wearable sensors 

Technique Purpose Reference  

    

F
F

F
 

A wearable sensor using Ninja Flex as a substrate 

has been proposed for on-body applications. For 

scientific and medicinal applications by attaching 

to clothes, hats caps, etc. 

[125] 

An RFID sensor was developed by pasting 

stretchable silver paste (dispensed with direct 

write method) on 3D printed Ninjaflex substrate 

[138] 

A combination of ABS and Ninja Flex material 

has been printed for the substrate where Ninja 

Flex provided flexibility and ABS provided good 

Rf properties for medical and defense applications 

[139] 

Polyethylene naphtha late (PEN) has been used as 

a substrate for Sub-6 GHz 5G Wireless 

Transceivers 

[140]  

A 3D-printed ninja flex was used as a substrate 

for circularly polarized sensors and for radiating 

patches, the conductive fabric was used 

[141] 

A wearable sensor has been purposed for breast 

hypothermia applications by using 3D-printed 

TPU as a substrate 

[142] 

FFF (substrate) 

Pneumatic dispenser (patch) 

A fully 3D printed patch sensor for 5G with a 

necklace medallion has been proposed 

[143] 

FDM 

Screen printing 

PREFERM1 ABS300 substrate was printed on 

FDM and the conductor paste DuPont PE819 was 

screen printed on these 3-D printed substrates and 

cured in an oven at 70 °C for 2 h. The sensors have 

been designed for IoT applications 

[144] 

FFF (for substrate printing) 

Direct writing of silver paste 

FFF was used to make the substrate of the sensors 

and support the ring and the radiating patch was 

pasted by direct writing. 

[145] 

Aerosol Jet micro-additive 

manufacturing 

Silver nanoparticle ink and UV-curable Acrylic 

Urethane were used as conductive and dielectric 

material respectively showing applications in 3D 

passives and mm-wave sensors. 

[146] 

   

In
k
je

t 
p
ri

n
ti

n
g
 

The challenge of difficult inkjet printing on the 

textile has been overcome by using an interface-

coated layer of polyester cotton fabric providing 

a smooth surface. 

[147] 

Silver ink was printed on standard 65/35 polyester 

cotton fabric further can be used as Garments for 

medical and scientific applications 

[82] 

A conformal and flexible multiband sensor has 

been proposed 

[148] 



Silver ink was printed on polyester/cotton T-shirt 

for tracking the user by smartphone 

[149] 

Inkjet printing and embroidery techniques have 

been combined to develop an RFID sensor 

integrated into textile 

[150] 

Epidermal RFID sensors have been fabricated 

using the inkjet printing technique. 

[151] 

A concept for 3D-printed wearable sensors on 

Polytetrafluoroethylene has been given for human 

activity recognition 

[152] 

A miniaturized patch sensor with a Split Ring 

Resonator (SRR) was printed  

[153] 

As observed from Table 4, FFF has been used in wearable sensors but is not directly connected with 

textiles as the prepared sensors are either used as standalone devices or some bands whereas inkjet 

printing has shown its full application in textile wearable sensors to develop the smart garments by 

directly printing the silver ink on the textiles. In the inkjet printing deposit conductive ink droplets from 

a nozzle on the flexible substrate for wearable sensors applications [154,155]. It has been widely used 

due to its accuracy and speed. Although FFF has shown its applications in the textile industry [156-

161], less has been reported on the use of FFF in textile wearable sensors.  

1.3 Relationship between mobile communication technology and sensing devices: Significant 

studies have been reported in the past for establishing the relationship between mobile communication 

technology and sensing devices [162-165]. Usually, AM processes (like powder bed fusion, direct metal 

laser sintering (DMLS), and FFF) are used to fabricate the components based on the MPA. For MPA-

based solutions a substrate (of thermoplastic material), ground, and patch (metallic) act as a passive 

sensor. The industrial, scientific, and medical (ISM) band (2 to 2.5 GHz or 5 GHz for Wi-Fi) is being 

explored by most researchers for the tuning of MPA. The overall change in resonance frequency of the 

thermoplastic substrate due to the change in the substrate's dielectric properties is being calibrated for 

sensing applications [165]. With this shift to an IoT-based solution, little investment in hardware or 

software is required, as one may use a Bluetooth-equipped smartphone. The working principle of the 

sensor is shown in Fig. 5. 

 

Fig. 5: Working principle of sensor 



2. Bibliometric analysis:  

The bibliography was compiled using the Web of Science (WOS) database as per previously reported 

studies [165, 166]. Initially, the keyword “wearable sensors” was explored on the WOS database. A 

total of 1499 articles (out of which 1417 are journal articles and 66 are review articles) were published 

across the world since 1996 (till 2022). It was observed that there has been significant growth in the 

field of wearable sensors leading to the continuously increased number of publications and citations 

each year as shown in Fig. 6. The most cited articles were recognized and have been enlisted in Table 

5. Further, the WOS database about wearable sensors was processed by VOS viewer open-source 

software. For 1499 results as per the WOS database, selecting a minimum of 7 numbers of occurrences 

of the keyword 171 meets the threshold, for which a network diagram was developed (Fig. 7). From 

Fig. 7 it was observed that there are 7 clusters with a different color each representing different domains 

of work that have been covered under the wearable sensors. Fig. 8 shows the strong connection of 

wearable sensors with textiles, design, compactness, specific absorption rate (SAR), etc. So, these must 

be the major factors that should be considered by the researcher while studying wearable sensors. It 

may be noted that firm lines show a strong relation among different nodes and dim/ faded lines represent 

a lack of relationship. To observe the growth of 3D-printed wearable sensors, the publication and 

citation reports were prepared (Fig. 9). Based on the WOS database, 15 top-cited articles have been 

enlisted in Table 6. Further, the scope of 3D printing in the field of wearable sensors was explored with 

the keywords “wearable sensors” and “3D printing, additive manufacturing” which shows 31 results 

(26 research articles, 5 review papers) worldwide (1 in India and highest in 8 in the USA) as on 2022 

(on WOS database). A network diagram was developed using a VOS viewer as shown in Fig. 10. 

 

Fig. 6: Growth in research of wearable sensors (from WOS database) 

Table 5: Most cited articles in the field of wearable sensors since 1996 

S. 

No. 

Title Year Total 

Citations 

Average 

citation 

per year 

1 Wearable Electronics and Smart 

Textiles: A Critical Review 

2014 

 

1244 

 

138.22 

 

2 Stretchable and Soft Electronics 

using Liquid Metals 

2017 1857 142.83 

3 Ultra-Dense Networks: A Survey 2016 555 79.29 



4 Dual-Band Wearable Textile 

Sensors on an EBG Substrate 

2009 385 27.5 

5 RFID Technology for IoT-Based 

Personal Healthcare in Smart 

Spaces 

2014 333 37 

6 Design and characterization of 

purely textile patch sensors 

2006 299 17.59 

7 Textile Sensors for Off-Body 

Communication Integrated into 

Protective Clothing for 

Firefighters 

2009 291 20.79 

8 Smart Textile-Integrated 

Microelectronic Systems for 

Wearable Applications 

2020 278 69.5 

9 Adhesive RFID Sensor Patch for 

Monitoring Sweat Electrolytes 

2015 268 33.5 

10 A New Frontier of Printed 

Electronics: Flexible Hybrid 

Electronics 

2020 258 64.5 

11 All-Printed Flexible and 

Stretchable Electronics 

2017 246 41 

12 2D titanium carbide (MXene) for 

wireless communication 

2018 243 48.6 

13 Flexible and Compact artificial 

magnetic conductor (AMC)-

based Sensors for Telemedicine 

Applications 

2013 243 24.3 

14 Three-dimensional integrated 

stretchable electronics 

2018 222 44.4 

15 Compact, Low-Profile 

Metasurface-Enabled Sensors for 

Wearable Medical Body-Area 

Network Devices 

2014 216 24 

 

Table 6: Most cited articles in the field of 3D-printed wearable sensors 

S. 

No. 

Title Year Total 

Citations 

Average 

citation 

per year 

1 Stretchable and Soft Electronics 

using Liquid Metals 

2017 857 142.83 

2 All-Printed Flexible and 

Stretchable Electronics 

2017 246 41 

3 Turning Trash into Treasure: 

Additive Free MXene Sediment 

Inks for Screen-Printed Micro-

Supercapacitors 

2020 130 43.33 

4 The aerosol-based direct-write 

micro-additive fabrication method 

for sub-mm 3D metal-dielectric 

structures 

2015 57 7.13 

5 Advancing the frontiers of silk 

fibroin protein-based materials for 

2018 52 10.4 



futuristic electronics and clinical 

wound-healing 

6 Harnessing the Rheological 

Properties of Liquid Metals To 

Shape Soft Electronic Conductors 

for Wearable Applications 

2019 43 10.75 

7 Liquid Metal Sensors: Materials, 

Fabrication and Applications 

2020 31 10.33 

8 Electronic Contact Lens: A 

Platform for Wireless Health 

Monitoring Applications 

2020 30 10 

9 Inkjet Printing of Epidermal RFID 

Sensors by Self-Sintering 

Conductive Ink 

2018 29 5.8 

10 Wearable UHF RFID Sensor-Tag 

Based on Customized 3D-Printed 

Sensors Substrates 

2018 21 4.2 

11 Textile-integrated three-

dimensional printed and 

embroidered structures for 

wearable wireless platforms 

2019 13 3.25 

12 Wearable Sensors for Cross-Body 

Communication and Human 

Activity Recognition 

2020 12 4 

13 3D Printed Fingernail Sensors for 

5G Applications 

2020 10 3.33 

14 Small Wearable Meta Materials 

Sensors for Medical Systems 

2016 9 1.29 

15 Additive Manufacturing of Shape 

Memory Polymer Composites for 

Futuristic Technology 

 

2021 8 4 

 

The scope of 3D printing in the field of sensors has been shown in Fig. 10 which shows the relation of 

3D printing with sensors, wearable sensors, mechanical properties of sensors, fabrication of sensors, 

and use of silver nanoparticles in sensors. The co-citation network diagram for co-citation of authors 

was also explored by choosing at least 6 citations of authors met by only 16 authors out of 1371 authors 

as shown in Fig. 12. Further, the scope of FFF was explored in wearable sensors by searching the 

keywords “wearable sensors” and “Fused deposition modeling or Fused Filament method” on the WOS 

database which shows only 1 publication in this field ascertaining the gap in the literature. From this 

study, it was ascertained that little work has been reported on the 3D printing of plastics on the textile 

for wearable sensor applications.  

 



 

Fig. 7: Co-occurrence diagram for keyword wearable sensors (using VOS viewer) 

 

Fig. 8: Connection of the wearable sensor with all clusters 



 

Fig. 9: Growth in research of 3D printed wearable sensors (from WOS database) 

 

Fig. 10: Network for 3D printed wearable sensor (using VOS viewer) 

 

 



 

Fig. 11: Connection of keyword “3D printing” with other keywords 

 

Fig. 12: Authors co-cited at least 6 times 

2.1 Research gap based on bibliographic analysis: Recent studies have focused on the 3D-printed 

wearable passive sensor on fabric for health monitoring, tracking users, muscle movement, etc. Also, 

some review reports have been published on wearable sensors based on their types, applications, design, 

fabrication techniques, etc. But hitherto less has been testified on the scope of 3D printing in wearable passive 

sensors on fabric for WiFi and 5G technology applications. Significant studies have been reported on wearable 

sensors, however, 3D-printed wearable sensors may be explored for tuneable characteristics. The inkjet printing 

technique has been widely used for printing conductive ink on a textile substrate for wearable sensors. Also, some 

authors have used FFF techniques for developing wearable sensors (mostly as standalone devices) but are limited 

to textile-based sensors. Overall, the bibliometric analyses show growth in 3D-printed wearable sensors. 

3. Framework for future applications: 

As a framework for future applications, a case study was conducted in which the TPU was printed 

(using FFF) on woven fabric made up of cotton and lycra. The dielectric constant (ɛr) of the combined 

substrate was calculated using the ring resonator (RR) test [163].  

3.1 Case study: The methodology used in this work is shown in Fig. 13 and the route for 3D printing of 

TPU on fabric using FFF is shown in Fig. 14. 



 

Fig. 13: Methodology used in this study 

The recycled TPU granules were procured from the local market and their melt flow index (MFI) was 

tested as 29.758 g/10min (as per ASTM D 1238) (Fig. 14 a, b). Then filament (ɸ1.75±0.05 mm) of TPU 

was extruded using a single screw extruder (at 170°C temperature and 7 rpm) (Fig. 14 c). The extruded 

filament was used to print functional prototypes (Fig. 14d) on FFF setup as per Table 7 and Table 8 

(based on Taguchi L9 orthogonal array [10]). Further, based on observed mechanical properties (Fig. 

14 d, e), optimized printing settings of the TPU on the fabric were ascertained using multifactor 

optimization (Fig. 14f). 

Table 7: Selected parameters of FFF [10] 

Level  Inputs for FFF 

A 

Nozzle temperature (°C) 

B 

Printing speed (mm/s) 

C 

Infill density (%) 

1 215 15 100 

2 220 18 80 

3 225 21 60 



 

Fig. 14: Route for 3D printing of TPU on fabric using FFF 

• (a) (b)

(c) (d)

(e) (f)

(g)



Table 8: Control-log for FFF [10] (Average of 3 repetitions) 

S. 

No. 

Input 

parameters 

Output parameters 

A B C Peak strength 

(PS) (MPa) 

Stiffness 

(N/mm) 

Strain energy 

(SE) (N.mm) 

Young’s modulus 

(E) (MPa) 

S1 215 15 100 8.89 4.62 561.13 17 

S2 215 18 80 8.73 4.09 546.46 15 

S3 215 21 60 8.05 3.82 500.17 14 

S4 220 15 80 8.27 3.89 531.24 15 

S5 220 18 60 9.54 4.51 595.32 17 

S6 220 21 100 7.46 4.12 478.89 15 

S7 225 15 60 8.79 3.94 551.99 15 

S8 225 18 100 8.89 4.05 555.76 15 

S9 225 21 80 8.66 3.50 515.13 13 

 

Further for multifactor optimization, stiffness, SE, E, and PS (observed in Table 8) were analyzed by 

assigning the importance and weightage as shown in Table 9, and composite desirability was deduced.  

Table 9: Output optimization: Stiffness, SE, E, and PS (based upon Table 8) 

Output Goal Wt.% Importance 

Stiffness Minimum 0.4 1 

SE Maximum 0.1 4 

E Maximum 0.2 3 

PS Maximum 0.3 2 

Solution 

Composite 

Desirability 

A 

3 

B 

2 

C 

3 

0.931657 

 

Further, the porosity analyses of the lowest, highest, and optimized mechanical properties (peak strength 

(PS) and strain energy (SE)) were performed using scanning electron microscopy (SEM) images (×100 

magnification) (Fig. 15a). After this, the TPU was printed on stretched and unstretched fabric to 

ascertain printing on fabric (Fig. 15b). Thermal analysis was also performed by using a differential 

scanning calorimeter (DSC) (Fig. 15c), which justifies the controlled thermal properties in repeated 

cycles.  

Then, TPU (52×58×0.65 mm) was printed on fabric (thickness 0.20 mm) using FFF at optimized 

settings ( nozzle temp. 220 ℃, bed temperature 60 ℃, printing speed 25mm/s) as shown in Fig. 16. 

After that, the RR was designed and fabricated (Fig. 17 (a)) for dielectric constant and loss tangent 

calculations were made as 1.74 and 0.0047 respectively. Further, MPA has been designed [164] for an 

Rf of 4.90 GHz (length of patch, Lp = 42mm and width of a patch, Wp = 53mm) as shown in Fig. 17 (b). 

After this, the simulation was performed using the HFSS software. 



 

Fig. 15 Morphological and thermal analysis 
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Fig. 16: 3D printing of TPU on Cotton-lycra fabric 

 

The designed sensors resonated at 4.90 GHz as shown in Fig. 17(c). The SAR value of the sensor was 

also simulated which shows 16.4 W/kg as shown in Fig. 17(d). This relatively higher SAR value needs 

to be controlled for wearable applications by using a defected ground surface concept or by playing 

with patch dimensions/shapes as per the concept of low electric field intensity. 

 
(a) 

 
(b) 



 
(c) 

 
(d) 

Fig. 17: RR (a), designed patch sensors (b), simulated results (c), calculated SAR value (d) 

 
Conclusions: - 

→ Significant studies have been reported on wearable sensors, however, 3D-printed wearable sensors 

may be explored for tunable characteristics. 

→ The inkjet printing technique has been widely used for printing conductive ink on a textile substrate 

for wearable sensors. Also, some authors have used FFF techniques for developing wearable 

sensors (mostly as standalone devices) but are limited to textile-based sensors. 

→ Bibliometric analyses show growth in 3D-printed wearable sensors. In the reported case study, TPU 

was successfully printed on WCLF using FFF. The TPU printed on WCLF was used as a substrate 

for wearable MPA which may be used in WiFi or 5G technology. 

→ In further studies, the use of FFF in textile-based wearable sensors may be explored. Also, wearable 

sensors based on a composite of textile and thermoplastic may be explored. SAR values may be 

improved by providing different patch designs and by providing the cut on the patch. Finally, on-

body measurements may also be explored in further studies. Also, the combination of different 

polymers and textiles may be used for substrates of wearable patch sensors. 
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