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Abstract

This review article examines and compares strain-resistive sensors based on conductive
hydrogels, with a focus on analyzing the differences between ionically conductive and
electronically conductive hydrogels. Hydrogels are an ideal choice for applications such as
electronic skin and soft robotics due to their networked structure, biocompatibility, and
mechanical properties similar to those of body tissues. This study analyzes the operating
principles and sensing mechanisms of these two categories. Ionic hydrogels rely on ion
transport, while the electronic type creates electron conduction pathways by incorporating
conductive fillers. This fundamental difference directly impacts key performance
parameters such as sensitivity, stretchability, and mechanical stability. Practical applications

of this technology encounter challenges including mechanical durability, signal stability, and
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integration into wearable system. By addressing these obstacles, the article outlines a future
vision based on integration with smart materials, paving the way for developing a new

generation of health monitoring systems and tactile interfaces.

Keywords: Hydrogel-based sensor, Sensing parameters, Electronic skin (E-
skin), wearable electronics, health monitoring.
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Figure 1. Applications of wearable strain sensors for detecting motion and monitoring physiological
parameters such as joint movement, pulse, and blood pressure, and for human—machine interface
recognition, such as gestures, facial expressions, and voice recognition [8].
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Figure 2. Wearable strain sensor technology facilitates real-time monitoring in healthcare and biomedical
engineering, sports science, soft robotics, and the development of gaming and virtual reality, soft prosthetic
hand [38].
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Table 1. An overview of common fabrication methods, classifications, and applications of hydrogel-based
resistive strain sensors.

Fabrication Sample Application Hydrogel Ref.
Technique network
simple casting PPy/phytic Electronic systems (piezoresistive) | SN [48]
acid/isopropanol
PU/gold nanoparticle Monitoring physiological signals | SN [49]
(resistive)
Natural rubber/ acetylene | Human motion detection | SN [50]
black (resistive)
PVA-CNF-phytic acid Wearable devices, smart robotics, | DN [51]
and healthcare monitoring systems
(resistive)
PVA/PAA/ ChCl/urea Flexible electronics (resistive) DN [52]
Molding PAAm/sodium alginate/ | Wearable sensors in healthcare | DN [53]
MoS,/PEDQOT:PSS monitoring (resistive)
PEDOT:PSS/PDMS Human movment (resistive) DN [54]
PAM/BA- Ag@PDA Wearable sensors for healthcare | DN [55]
(resistive)
Poly(AA-co-SMA)/c- Body monitoring (resistive) TN [56]
CNF/Fe®*
PAM-gelatin/LiCl Human-machine interaction | DN [57]
control system (resistive)
LMNPs@rGO/PAA Wearable devices (resistive) SN [58]
Printing Natural rubber coated | Wearable sensor DN [59]
photosensitive elastomer | in  health care  monitoring
resin /graphene | (piezoresistive)
nanoplatelet
PAAm/agar/calcium Wearable soft resistive strain | DN [60]
alginate sensor (resistive)
Silkfibroin/PAAmM/ Wearable electronics (resistive) TN [61]
PAAC

D



PEDOT:PSS/PVA Bioflexible Electronics (resistive) | DN [62]

Oxidized guar gum/ | Wireless human-machine | SN [63]

MWCNTs-SH interfaces (resistive)

Dip coating PDMS/graphene Human motion detection SN [64]

(piezresistive)

PDMS/carbon black | Wearable Electronics (resistive) SN [65]

/CNTs

PSKF@rGO/SiO,- Wearable resistive strain sensors | DN [66]

PDMS (resistive)

P:P@p-PSF Electronic skin >TN [67]
(piezoresistive)
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Figure 3. Classification of conductive hydrogels into two categories: ionic conductors and electronic
conductors [70].
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Figure 4. Response mechanism hydrogel-based resistive strain sensor, (a) geometrical effect [78], (b)
disconnection [79], (c) tunneling effect [79] and (d) crack propagation. Reused with permission from
reference [79].
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Table 2. Comparison of key sensing parameters for ionic conductive hydrogels vs. electronic conductive
hydrogels in resistive strain sensors.

Hydrogel- Composition of material Stretch- | Gauge | Respons | Ref.
based sensor ability | Factor | e Time
category (%) (ms)
CNTs, LM, and micron-scale iron | 350 19.8 83 [88]
= powders with Ecofle
% MXene-AgNW 60 224 30 [89]
< Polyurethane/ Ag NWs/ Thiolated | 60 11.8 40 [90]
o8 Graphene
g 5 Au/PDMS 1 5000 | 137 [91]
2 5 SR/ carbon black (CB) SWCNT 120 1.25 60 [92]
2 c TPU/ CNT/ rGO 400 150 57 [93]
é g (CNT)/ Ecoflex 200 43.8 100 [94]
s g Graphene nanoplatelets /P DMS 97 6.3 - [95]
o —
> Z Gelatin/PAAM/PEDOT:PSS 2850 1.58 200 [96]
g £ sodiumalginate/PAM/Ca?*/PANI) 500 3.82 192 [97]
S PVA/PAM polyaniline 700 237 |- [98]
§ PPyNT/PAA/PVA 500 138 |- [99]
w PVA- MXene hydrogel 200 2.3 - [100]
SiO2/CNT/Na* 426 3.1 100 [101]
. PVA/ phytic acid/ amino-polyhedral | 125 3.44 220 [102]
T -% oligomeric silsesquioxane
> © & | CNFs-Fe**/Gly organohydrogel 1032 486 | 427 [103]
g E 2 | LMs-GO-PPPK 2300 9.59 190 [104]
g = % PVA/polyacrylic amide-acrylic acid | 1000 8.303 | 160 [105]
2 5 = |[GlyNa
w 2 & Cellulose ionic hydrogels (CIHs) 126 03 |- [106]
° 2 [Gelatin hydrogel/genipin >500 0.6 280 [107]
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Table 3. A comparative overview of the key differences between ionic and electronic conductive hydrogels in
resistive strain sensors.

Feature lon Conductive Hydrogels | Electron Conductive
Hydrogels
Charge Carriers lons (e.g., Na*, CI", Li*) [69] | Electrons (e.g., CNTs,
Graphene, PEDOT:PSS) [68]
Stretchability Ultra-high (typically | Moderate to Low (typically
>1000%)[110] <500%)[111]
Sensitivity (GF) Relatively Lower [112] High to Very High [112]
Transparency Highly Transparent (Optical | Opaque (Black or  Dark
clarity)[85] colored)[85]
Sensing Mechanism lon migration within the | Disruption of the percolation
polymer matrix[113] network[114]
Key Limitation Dehydration (water loss) over | Rigidity of  fillers  limits
time[115] deformation[116]
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Best Application Large-scale body movements | Subtle physiological signals

(Joints)[117] (Pulse, Voice)[118]
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Figure 5. Prominent recent applications of ionically and electronically conductive hydrogel-based resistive
strain sensors [128].
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