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Abstract: Stimuli-responsive hydrogels are materials with great potential for development 
of active functionalities in fluidics and micro-fluidics. Based on the current state of 
research on pH sensors, hydrogel sensors are described qualitatively and quantitatively for 
the first time. The review introduces the physical background of the special properties of 
stimuli-responsive hydrogels. Following, transducers are described which are able to 
convert the non-electrical changes of the physical properties of stimuli-responsive 
hydrogels into an electrical signal. Finally, the specific sensor properties, design rules and 
general conditions for sensor applications are discussed.  
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1. Introduction  

Stimuli-responsive polymers or hydrogels can change their volume significantly in response to 
small alterations of certain environmental parameters. The changes in volume can be more than 
hundredfold, based on absorption or on release of aqueous solution accompanied by considerable 
swelling forces if an external force is applied. Therefore, about 1950 the discoverers W. KUHN, A. 
KATCHALSKY, and J.W. BREITENBACH [1-4] wrote about “muscle-like working” and predicted a 
great potential of these materials. At the beginning of the eighties the work of T. TANAKA inspired to 
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the development of manifold stimuli-sensitive hydrogels with sensitivities across temperature [5], 
electrical field values [6], light [7], pH, solvent composition and specific ions [8-11]. Approximately 
2000 the development of the fundamentals for technical applications started. To fabricate functional 
hydrogel structures at the micro-scale size photo-patterning technologies [12-15] and principles based 
on microgels [16] were developed. In fluidics and microfluidics outstanding multi-purpose 
functionalities have been emerged involving microvalves [16-20], automatic valves [15,16,18, 21-24], 
pumps [25-27], and chemostat valves performing feedback control to keep an adjustable concentration 
on a constant level, e.g. salts and alcohols [28,29]. Some of these devices are already commercialised, 
e.g. the Hydrogel Valve of the company GeSiM, Germany [17,30]. 

Remarkable efforts have been carried out to realise chemical sensors, which use the manifold 
sensitivities and enormous changes in properties of hydrogels [31]. Such sensors can have a 
straightforward design. They are directly working devices which can have a high selectivity and 
sensitivity. Many of these developments are addressed to pH sensors. The current state of research 
enables for the first time to describe the characteristics of hydrogel based sensors both qualitatively 
and quantitatively. 

This review is aimed to give a basic understanding of the behaviour of stimuli-responsive 
hydrogels, to describe why these gels are used as sensor materials, what for sensor properties can be 
obtained, and which special features have to be respected. 

2. Hydrogel Behaviour  

2.1. Thermodynamics 

Stimuli-responsive polymers are plastic materials with molecule chains cross-linked to a three 
dimensional network. They are synthesised by a cross-linking reaction between polymer molecules 
[32] or by a cross-linking polymerisation, which is simultaneously synthesising polymer chains and 
linking them concomitantly [5]. Polymer molecules consist of small molecular units, the so-called 
monomers, which can be arranged in a sequence to form a long polymer chain or to form branched 
polymer molecules with side chains. Generally, all polymers are solvophilic to certain solvents. Not 
cross-linked polymers are soluble in presence of these solvents. Due to the interconnections between 
the polymer chains cross-linked polymers are insoluble but swell by solvent absorption. If they can 
swell in water they are called hydrogels. 

a) Hydrogel behaviour in solvents 

Unlike „normal“ solvophilic polymers stimuli-responsive hydrogels exhibit a first-order- or a 
continuous (also called second-order) phase transition behaviour. As illustrated in Figure 1 they 
exhibit two phases. A separated phase of the gel is dominated by polymer-polymer interactions. In this 
case the gel reaches its maximal value of hydrophobicity and shrinks. The second phase, a mixed 
phase, is characterised by solvent-polymer-interactions, which aspire the best mixing of polymer and 
aqueous solution. Therefore, within the mixed phase the hydrogel gains its maximum of hydrophilicity 
and swells. Close by the phase interface a small alteration of a thermodynamic variable, namely a 
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solvent concentration, results in a change of the phase characterised by an abrupt change in physical 
properties of hydrogel, especially in volume, mass, stiffness and more.  

The polymer-solvent-interactions of the mixing phase generate osmotic pressures  acting 

expansively. Due to the polymer-polymer-interactions the polymer network counteracts this expansion 
by an elastic force respected by . The hydrogel obtains its swelling equilibrium at the balance of 

the pressures, which can be described by  

mixπ∆

elastπ∆

0=∆+∆=∆ mixelast πππ . (1) 

The FLORY-REHNER theory [33,34] and the FLORY-HUGGINS theory [35,36] describe these 
processes in detail. 
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Figure 1. Phase transition behaviour of stimuli-responsive hydrogels. The swollen 
phase of the gel (left) is dominated by polymer-solvent interactions obtaining the best 
mixing of the polymer chains and the aqueous solution. The shrunken phase of the 
hydrogel (right) is determined by polymer-polymer-interactions, which remove solution 
out of the gel. Near the phase interface, within the range of phase transition, small 
alterations of a thermodynamic value result in a change of the phase of the hydrogel. 

Special solvent-responsive hydrogels can be additionally temperature-sensitive. Such gels have a 
slightly hydrophobic nature and contain groups, which preferably interact with water molecules by 
hydrogen bonds which cause the hydrogel swelling. These hydrogen bonds depend on the temperature. 
Exceeding a critical temperature, the so-called lower critical solution temperature, the hydrogen bonds 
between polymer and water break apart. Now, the hydrophobic nature of the gel can dominate 
resulting in a shrinking of the gel.  

b) Behaviour of polyelectrolyte hydrogels 

Polyelectrolyte hydrogels comprise weak acidic and weak basic groups, respectively, which can be 
ionised. For example, gels containing acidic groups are deprotonated in basic surrounding conditions 
as following:  
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[RCOOH]gel + [OH-]aq  → [RCOO-]gel + H2O. (2) 

Therefore, the density of likewise charged groups within the network strongly increases 
accompanied by an adequate generation of mobile counterions inside the gel, which induces the phase 
transition due to electrostatic repulsion. In an acidic ambient the acidic gel protonates 

[RCOO-]gel + [H+]aq → [RCOOH]gel (3) 

resulting in a decrease of both the charge density and the content of mobile counterions within the 
hydrogel leading to gel shrinking [37]. The phase transition of the gels occurs in a small range close by 
the apparent acid dissociation constant pKa of the hydrogel which is mostly identical with the pKa of 
the ionisable group. Approximately at the apparent pKa of the gel the ionisation begins accompanied 
by a drastic swelling of the hydrogel. If the ionisation of the ionisable component is completed the 
swelling process stops. Further pH increase only increases the ionic strength. This decreases the 
osmotic pressure and leads to shrinking of the gel (see Figure 2, acidic hydrogel). That figure shows 
the general behaviours of the three types of polyelectrolyte gels.  
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Figure 2. Phase transition behaviour of polyelectrolyte hydrogels. Acidic hydrogels 
( ) are ionised by deprotonation in basic solutions, which have an excess of hydroxyl 
groups. Basic hydrogels ( ) swell in acidic solutions due to the ionisation of their basic 
groups by protonation. Amphiphilic hydrogels (∆) contain both acidic and basic groups. 
Therefore they show two phase transitions. 

The contribution of the electrostatic interaction of polyelectrolyte hydrogels to the balance of the 
osmotic pressure has to be respected as an expansive pressure , so that Eq. 1 must be rewritten 

to 
ionπ∆

0=∆+∆+∆=∆ ionmixelast ππππ . (4) 

The mobility of the counterions of the gel should be high enough to make their release into the 
surrounding solution possible. However, because the hydrogel keeps the charge neutrality inside itself, 
it can’t release its counterions but only exchange them with an adequate ion from the surrounding 
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medium. Such exchange can affect the balance of the osmotic pressures of the gel and of the 
surrounding solvent leading to a change of swelling equlibrium of the gel. At low ionic strengths the 
ion exchange is marginal and its influence on the swelling is negligible. Increasing the surrounding ion 
concentration to a medium ionic strength results in an exchange of the mobile counterions of the gel by 
the surrounding ions and in an arise of the osmotic pressure inside the hydrogel. This is associated 
with a swelling. High ionic strength results in a polyelectrolyte shielding reducing the osmotic 
pressure accompanied by a hydrogel shrinkage [38]. The contribution of the ionic strength  to 

the balance of osmotic pressure has to be considered additive [39]: 
bathπ∆

0=∆+∆+∆+∆=∆ bathionmixelast πππππ . (5) 

2.2. Swelling kinetics 

The swelling and shrinking of hydrogels requires a transport of matter, which is time-consuming. 
To initiate a volume phase transition two transport mechanisms have to be considered.  

First, the initiating stimulus has to be transferred into the hydrogel, such as temperature difference, 
solvents or ions, which is associated with a change of the balance of the osmotic pressure. The 
transport occurs either energetically by heat transfer (described by the thermal transfer coefficient, DT) 
or by continuous mass diffusion of a solvent into the hydrogel (described by the spontaneous mass 
transfer coefficient, DS) shown in Figure 3. Then as a second mechanism, to obtain the swelling 
equilibrium of the changed osmotic pressure balance, the hydrogel swells or shrinks absorbing or 
releasing swelling agent. Concomitantly, the polymer chains of the network have to be moved to 
obtain their new positions. Comprising both the solvent diffusion and the net chain motion TANAKA 
and FILLMORE developed the model of “collective” or “cooperative” diffusion characterised by the 
cooperative diffusion coefficient Dcoop [40-42]. 
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Dcoop ≈ (10-6 ... 10-7) cm²/s
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Figure 3. Transport processes at swelling and shrinking of hydrogels. r0 - initial radius, 
r∞,max - maximal radius in the swelling equilibrium. 

For a spherical gel as shown in Figure 3, this theory predicts a characteristic time constant of 
swelling process as following:  

CoopD
r2

=τ
 , (6) 

where r is the final radius and the characteristic dimension, respectively. The radius of the hydrogel 
during the swelling process is expressed as 
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whereas the shrinking process follows 

( ) τ
t

errrtr
−

∞ ⋅−+= 0max,0)( .  (8) 
The TANAKA-FILLMORE theory describes the unloaded and free swelling behaviour without 

influence of the surrounding area. Swelling times obtained using this theory correlate excellently with 
the experimental data. Unfortunately the uninfluenced free swelling of gels without an externally 
applied force can hardly be used for functional sensor and actuator elements.  

The characteristics of the swelling kinetics of polyelectrolyte gel in presence of buffer ions was 
investigated by LESHO and SHEPPARD [43]. In this case the characteristic time constant describing a 
“buffer-mediated diffusion reaction” is given by: 
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(δ - gel thickness, DHB – diffusivity of the buffer molecule into the gel, H0 – hydration, βgel – buffer 
capacity of the hydrogel, βHB – buffer capacity of the buffer solution).  

Summarizing Eq. 6 to 9, to obtain small characteristic time constants – due to the square 
dependency - the characteristic hydrogel dimension should be as small as possible. For swelling in ion 
containing liquids a characteristic time constant can be expected which is increasing with rising buffer 
capacity of the hydrogel. The time constant decreases with an increasing capacity of the buffer 
solution.  

It should be mentioned that in the case of swelling, τ is increasing with an increasing counter 
pressure. Furthermore, with increasing counter pressure the maximal volume of the hydrogel V∞,max 
decreases in the swelling equilibrium non-linearly and strongly disproportional. Limitations of the 
swelling agent supply additionally increase the characteristic time constant of swelling. In principle, τ 
could be increased to infinity by corresponding restriction of swelling agent supply.  

3. Sensor Transducers 

Sensor transducers are components, which convert the non-electrical changes of properties of the 
stimuli-responsive hydrogel into an evaluable signal, in most cases an electrical signal. Two basic 
principles can be used in gel sensors: 

- transducers based on mechanical work performed by hydrogel swelling and shrinking, and 
- transducers observing changes in properties (e.g. densities, mass, volume, stiffness) of free 

swelling gels.  
This chapter describes fundamental transducer principles, which were used for hydrogel sensors.  
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3.1. Transducers of free swelling gels 

Transducers using free swelling gels as sensor materials have to directly observe changes in one or 
more hydrogel properties. Currently, optical, oscillating and conductimetric transducer principles are 
used. 

3.1.1 Optical transducers 

Most of these transducers work optically. Optical transducers can directly measure changes in 
optical properties of hydrogels. A different approach is based on the observation of special fillings or 
surface coatings, which are changed or moved due to hydrogel swelling. 
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Figure 4. Basic functions of the sensor material used in optical transducers. a) 
Swellable hydrogel particles, entrapped into a membrane, change the optical transmission 
of the sensing element (according to [44]); b) Changes in hydrogel swelling change the 
density and spacing of entrapped particles; c) Changes in thickness of a hydrogel structure 
displace reflective layers. d) Changes in hydrogel volume change the lattice spacing d of a 
crystalline colloidal array. 

a) Optical transmission 
Within the phase separated shrunken state hydrogels are often opaque accompanied by a low optical 

transmission coefficient. In the swollen state hydrogels with homogeneous structure are clear and 
transparent. ODEH et al. used a similar principle to realize a sensor based on changes in optical 
transmission [44]. Coloured microspheres shown in Figure 4a increase their transmission by an 
increase of water absorption. Shrinking of the microspheres results in an increase of the turbidity of the 
sensing element. The changes of optical properties can be monitored as a transmission measurement 
using a conventional spectrophotometer or a miniature fibre optic spectrometer [45]. 

b) Refractive index  
The change in transmission of the hydrogel is related to the change in the refractive index between 

swollen and shrunken state. Water has a lower refractive index than the shrunken hydrogel. During the 
process of swelling the water content increases decreasing the refractive index of the hydrogel. This 
behaviour was used in a dual-channel chirped grating pad membrane sensor. One channel of the sensor 
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is used for pH detection by a hydrogel membrane, the other channel as an on-chip refractometer to 
determine the refractive index of the test solutions [46]. SEITZ and co-workers investigated both 
changes in optical transmission and in refractive index [47,48]. 

c) Reflection 
The SEITZ group studied the diffuse reflected light of swellable hydrogels and found a significant 

change of the reflection intensity while a volume change [49]. A diffuse reflection occurs on interfaces 
between regions with a different refractive index, especially between the bulk polymer and the 
aqueous solution in the pores [50]. During a polymer swelling the bulk polymer dilutes with water 
causing its refractive index to decrease and become closer to the refractive index of the water in the 
pore space. This reduces the reflectance at the polymer-pore interface resulting in a decrease of the 
reflected intensity. Beside the refractive index, transmission, size, shape and position of such micro-
structures are further factors which affect the reflection intensity.  

Changes in reflected intensity were used for a single fibre sensor shown in Figure 5a [49]. The 
transducer device consists of a single optical fibre coated on the end with a drop of the sensitive 
polymer. The system includes a light emitting diode as a light source, a photodiode detector, and a 
fibre-optic coupler, which serves as beamsplitter. As further transducer elements a bifurcated bundle of 
optical fibres [51] and an optical reflective device [50] were reported. 

A reflection interference system was realised consisting of a gold particle coated hydrogel layer 
which is placed on top of a mirror (see Figure 4c). Gold particles and the mirror act as an optical thin-
film resonance system with reflection properties depending on the thickness of the hydrogel layer. 
Changes in thickness of the hydrogel layer were monitored by the slope of the characteristic reflection 
minimum of the device [52,53]. 
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Figure 5. Reflective fibre optic chemical sensors based on swelling polymers. a) Single 
fibre sensor based on changes in diffuse reflection of polymers (according to [49]). b) 
Dual-fibre sensor basing on the displacement of a reflector (according to [68,69]). 

d) Optical wavelength diffraction 
ASHER et al. incorporated a colloidal crystalline array (CCA) of spheres into a stimuli-responsive 

hydrogel [54-57]. The crystalline colloidal array diffracts the light at visible wavelengths determined 
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by the lattice spacing d (see Figure 4d), which gives rise to an intense colour. By swelling the mean 
separation between the colloidal spheres increases shifting the BRAGG peak of the diffracted light to 
longer wavelengths. A change of 0.5% in the hydrogel volume shifts the diffraction wavelength by ~1 
nm. 

Another principle was described as holographic sensor by LOWE et al. [58,59]. Here, the 
holographic diffraction wavelength or color, respectively, of the holograms is used to characterize 
shrinkage and swelling behaviour of the hydrogel as a function of the analyte.  

e) Fluorescence intensity  
Fluorophore labeled hydrogels, that undergo a change in swelling degree, modify their fluorescence 

intensity [60,61]. Swelling of the gel decreases the intensity while a shrinking increases it. The change 
of fluorescence intensity can be of more than 30 %.  

3.1.2 Conductometric transducer 

SHEPPARD and co-workers introduced a conductometric sensor, which is an interdigitated 
electrode array coated with a hydrogel layer [62,63]. Measured at frequencies in the range 100 Hz to 
100 kHz the electrode impedance is primarily resistive. A swelling of the hydrogel layer results in an 
increase of the conductivity of the hydrogel accompanied by a decrease of the resistance.  

3.1.3 Oscillating transducers 

Oscillating transducers are devices changing their resonance frequency. Changes in properties of a 
load result in a shift of this resonance frequency. This can be accompanied by a change of the signal 
amplitude.  

a) Quartz crystal micro balance  
Applying electric field quartz crystals can be stimulated to oscillate stable in their resonance 

frequency. Loading of the quartz resonator results in changes of the resonance frequency (Figure 6). 
This frequency shift is the base of the quartz crystal micro balance principle. In our own work quartz 
crystal micro balance is used as a transduction element to monitor changes in the properties of thin 
hydrogel layers [64]. An increase in the surface load of a quartz crystal should theoretically induce a 
decrease of the resonance frequency. However, it was observed a frequency shift increasing with 
increasing mass and volume of hydrogel. Essentially, both the stiffness and the density of the hydrogel 
strongly decrease by swelling and thus increase its volume and mass. As a consequence, the effective 
surface load which is swinging decreases during the swelling process. Changes in mechanical 
properties of the hydrogel coating of the quartz cause changes in damping of the signal amplitude. This 
damping can be used as second data acquisition channel. The damping decreases with increasing 
hydrogel swelling.  
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Figure 6. Principle of the quartz crystal micro balance sensor. Changes in hydrogel 
properties cause changes of the complex resonance frequency of a quartz crystal micro 
balance. 

b) Magnetoelastic sensors  
GRIMES et al. describe thick-film devices, which are stimulated to mechanically oscillate in their 

resonance frequency by a magnetic field impulse [65-67]. In turn the mechanical oscillation of the 
sensor induces magnetic flux that can be detected remotely. The frequency decreases with an 
increasing of hydrogel mass. Therefore, small changes in mass of a hydrogel coating can be detected 
by monitoring the shift in the resonance frequency of the sensor. The shift in resonance frequency is 
also affected by the elasticity of the sensor coating, temperature, viscosity and density of the test 
solution. 

3.2. Transducers based on mechanical work of the hydrogel 

Such transducers use the ability of hydrogels to deform or to strain mechanically a transduction 
element resulting in a change of a special property of that element or in a change of a detectable 
distance.  

3.2.1 Optical transducers 

a) Reflective diaphragms 
By such devices the swellable polymer is coupled to a reflector (see Figure 5b). Changes in 

polymer volume cause the reflecting diaphragm to move, which in turn changes the intensity of light 
reflected back into the optical fibre [68,69].  

b) Fibre BRAGG grating sensors 
ZHANG et al. presented hydrogel based fibre optic BRAGG grating sensors [70,71]. By swelling, 

the hydrogel pushes the clamps fixed on the fibre BRAGG grating (Figure 7a). This results in a 
physical stretch of the fibre which expands the grating period. When the hydrogel shrinks the BRAGG 
wavelength decreases.  
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3.2.2 Mechanical transducers 

a) Microcantilevers 
Microcantilevers can transduce changes of mass, temperature, heat, or stress, into bending (static 

mode) or a change in resonance frequency (dynamic mode). To measure in liquids the static mode is 
more preferred than the dynamic mode. The microcantilever is commonly coupled to an optical or 
piezo-resistive read-out system [72]. The groups of PEPPAS [73,74] and JI [75] used devices with an 
optical read-out system as transducer element to monitor changes in swelling of a hydrogel coating 
(Figure 7b). 
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Figure 7. Sensor transducers basing on mechanical work on stimuli-responsive 
hydrogel. a) Fibre BRAGG grating sensor, b) Microcantilever, c) Piezoresistive bending 
plate sensor, d) Capacitive bending plate sensor. 

b) Bending plate transducers 
These transducers usually include a piezo-resistive WHEATSTONE-bridge and are commonly used 

as pressure sensors. Several groups developed hydrogel-based sensors using bending plate transducers 
[76-81]. Principally, the stimuli-sensitive hydrogel is placed in a fixed volume between a stiff/rigid 
grate, which is permeable for the stimulus, and the bending plate (see Figure 7c). If the hydrogel 
swells the plate deflects resulting in a change of the resistance of the piezo-resistive bridge. HERBER 
et al. extended this principle to a device able to measure contents of carbon dioxide [80,81].  

A capacitive bending plate sensor as shown in Figure 7d is reported in [82]. Here the bending of 
the plate changes the distance of the capacitor plates accompanied by a change of its capacity.  

To avoid a perturbation of the process pressure bending plate sensors should be pressure 
compensated.  

4. Sensitive Hydrogel 

Usually, pH sensitive polymer networks consist of a backbone polymer carrying weak acidic or 
basic groups. The backbone polymer provides a mechanical stability of the gel whereas the ionisable 
group contributes to the pH sensitivity. As mentioned such syntheses can be performed as a cross-
linking reaction between polymer molecules or as a cross-linking polymerisation, which is 
simultaneously synthesising polymer chains and linking them concomitantly.  

Poly(vinyl alcohol)-poly(acrylic acid) networks have been synthesised by cross-linking poly(vinyl 
alcohol) and poly(acrylic acid). Both water-solved components must be mixed, dried and finally cross-
linked by heating [64]. By variation of the ratio between the backbone polymer poly(vinyl alcohol) and 
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poly(acrylic acid) or by the cross-linking parameters both mechanical properties and sensitivity can be 
adjusted [83].  

Most of the other hydrogels are prepared by free radical polymerisation. We explain the general 
synthesis on the example of the photo-patterned hydrogel used in [74]. This hydrogel consists of 
methacrylic acid (MAA) as ionisable component and poly(ethylene glycol) dimethacrylate 
(PEGDMA) as a backbone polymer. It has to be prepared as a mixture containing the monomers with a 
defined mole ratio MAA:PEGDMA and a photo-initiator. Following the mixture can be spin-coated 
onto the substrate, which is typically pre-treated with an adhesion promoter. Finally the polymerisation 
has to be performed by UV exposure through a mask.  

Generally, the composition of the hydrogel determines the pKa value and the nature (acidic or basic) 
of the ionisable component necessary for the special sensor application. After defining that component 
a backbone material has to be found which can be copolymerised or cross-linked with the other 
component. Further conditions influencing the choice of hydrogel are adhesion properties onto the 
substrate and compatibility to the ambient. 

5. Sensor Properties 

The properties of hydrogel-based pH-sensors are summarised in Table 1. Due to author specific 
interpretations of the sensor characteristic we standardise the results by the evaluation of the 
characteristic curves. 

5.1 Transducer resolution 

The transducer resolution describes the capability of the transduction element to resolve a 
transduction signal related to the application specific working range. All reported transducers do not 
restrict the sensor sensitivity. Optical transducers show a resolution between 10-3 and 10-4, while 
oscillating and micromechanical transducers resolve the working range with 10-4 and 10-6. 

5.2 Sensitivity and accuracy of measurement 

a) Sensitivity 
Most sensors work within the phase transition range of the used hydrogel. As shown in Figure 8a 

for poly(vinyl alcohol)-poly(acrylic acid) the range is between the pKa ≈ 4.7 of the poly(acrylic acid) 
and pH of 9 because at pH 9 the ionisation of the acidic groups is completed. The drastic volume 
change of the hydrogel within the phase transition results in an extraordinary sensitivity per pH unit 
which is in the order of 10-3 to 10-5. As Figure 8b illustrates within that range the sensor 
characteristics is approximately linear. pH measurements outside of the hydrogel phase transition 
range are not recommendable. Below that range the gel is shrunken accompanied by marginal 
sensitivity. As shown in Figure 8a above the range the gel is swollen, there is a poor sensitivity and a 
big influence by the ionic strength within the solution. 

b) Accuracy of measurement 
However, the overall measurement accuracy of most sensors (see Figure 8b), which is identical 

with the standard deviation of typically 95% confidence level, is in the order of ±10-2 pH units. Causes 
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of this adverse effect are complicated phenomena resulting in a distinctive hysteretic swelling 
behaviour shown in Figure 8a [83]. The characteristic basic to acidic curve is quite different from the 
acidic to basic curve. This is reflected in mechanical and optical hydrogel properties [84]. SUZUKI 
explains that phenomenon with both a replacement of the H+ counterion by an adequate ion such as 
Na+ and an excess of these ions inside the gel causing a shielding or screening of the ionised gel 
groups [85]. 
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Figure 8. pH sensitivity of a poly(vinyl alcohol) – poly(acrylic acid) hydrogel. a) 
Swelling behaviour of a bulk gel. b) Characteristics of a quartz crystal micro balance pH 
sensor (according [64]). 

As shown in the inset of Figure 8a the hysteresis can be significantly lowered by strong restriction 
of the working range within the phase transition range. For example, the working range of the quartz 
crystal micro balance sensor (Figure 8b) spans 0.9 pH units accompanied with an overall accuracy of 
± 1.085 kHz (± 0.042 pH units) for damping shift. Further decrease of the working range to 0.14 pH 
units (3.45 to 3.31) results in an increase of the accuracy to ± 89.5 Hz (± 3.5x10-3 pH units).  

As mentioned counterforces affect the sensitivity of a sensor by lowering the volume change of the 
hydrogel. The results of the bending plate sensor (Table 1, [79]) also indicate a decrease of the 
measurement accuracy.  

c) Working range 
The working range of the pH sensor can be defined by selection of the ionisable hydrogel 

component. In many cases the working range is directly corresponding to the pKa of the ionic group. 
As it can be observed in Figure 8 the bulk gel show an apparent pKa of 4.7, which strongly accords to 
the pKa of the poly(acrylic acid). But in special cases the apparent pKa of the hydrogel sensors can be 
shifted as shown in Figure 8b on the example of the hydrogel-coated quartz crystal micro balance 
sensor with an apparent pKa of 2.2 [64]. Cause of this shift is a dependency of the phase transition 
condition on the thickness of very thin hydrogel layers, which are bonded to a rigid surface. For 
poly(vinyl alcohol)-poly(acrylic acid) this phenomenon can be observed below 400 nm, for poly(N-
isopropylacrylamide) the shift was also reported for thicknesses below 500 nm [86,87]. 



 
Table 1. Comparison of hydrogel based pH sensors .* estimated by characteristic curves 

Accuracy of measurement Sensitivity 
per pH unit overall  best point 

Hydrogel 
Sensor type Data channel Transducer 

resolution 
 Transducer 

signal pH unit Transducer 
signal pH unit 

pH working 
range 

Material Thickness 

Minimal 
response 

time 

Refractometric 
sensor [46] 

refractive 
index 

2.5x10-4

10-5/4x10-2 3.11x10-2 ± 3.75x10-4 * ± 1.64x10-3 * ± 1.1x10-4 ± 4.8x10-4 7-7.75 HEMA-
DMAEMA 

300 nm 
(dry) ~ 80 s 

Holographic 
sensor [58] wavelength 

6x10-3

(1nm/165nm) 
165 nm ± 5.3 nm * ± 0.032 * ± 3.1 nm * ± 0.019 * 5 - 7 PHEMA-

co-MAA 10 µm ~ 250 s 

CCA sensor 
[55] (BRAGG 
diffraction)  

wavelength 
3,3x10-3

(1nm/300nm) 
74.2 nm      

  

- - - - 4.3-8.5 PAAm-
PCCA 125 µm 10 min 

Conductimetric 
sensor [63] resistance - 100 Ω - - ± 5.2 Ω ± 0.052 7 - 8 HEMA-

DMAEMA 8 µm 350 s 

frequency  13.2 kHz ± 0.62 kHz  ± 0.047 ± 179 Hz ± 0.013 Quartz crystal 
micro balance 

[64] damping   
3.3x10-6

(0.1Hz/30kHz) 25.467 kHz ± 1.085 kHz ± 0.042 ± 89.5 Hz ± 3.5x10-3 2.55 – 3.45 PVA-PAA 390 nm 
(dry) 500 ms 

Magnetoelastic 
sensor [67] frequency  

2,4x10-4

0.4Hz/1.7kHz 
506 Hz ± 66 Hz ± 0.13 - - 4,4 – 8,5 poly(AA-

co-IOA) 1.4 µm 120 s 

Microcantilever 
[74] deflexion 

5x10-5

(1nm/20µm) 
20.3 µm ± 1.15 µm * ± 0.057 * ± 0.3 µm * ± 0.015 * 6 - 6,8 PMAA-

PEGDMA 2.2 µm few 
minutes  

Microcantilever 
[75] deflexion 

2,9x10-5

(1nm/35µm) 
1000 nm ± 5 % ± 0.05 - - 6 - 9 AAm-

DMAEMA 15 µm 15 min 

Bending plate 
sensor [79] resistance 

1,67x10-5

(1µV/60mV) 
14.55 mV * ± 3.5 mV * ± 0.24 * ± 1.9 mV * ± 0.13 * 5.5 - 11 PVA-PAA 40 µm ~ 12 min 

HEMA:DMAEMA: 2-hydroxyethyl methacrylate - N,N-dimethylaminoethyl methacrylate  
PHEMA-co-MAA: poly(hydroxyethyl methacrylate-co- methacrylic acid) different acidic  
                            and basic monomers where also used 
PAAm-PCCA:      poly(acrylamide) - polymerised crystalline colloidal array 
PVA-PAA:            poly(vinyl alcohol) – poly(acrylic acid) 

poly(AA-co-IOA):   poly(acrylic acid-co-isooctyl acrylate) 
PMAA-PEGDMA:  poly (methacrylic acid)-Poly(ethylene glycol)  
                              dimethacrylate 
AAm-DMAEMA:    acrylamide - N,N-dimethylaminoethyl methacrylate 
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5.3 Response time 

The response time of sensors depends on the values as anticipated in the chapter swelling kinetics. 
Characteristic dimensions in the nm range allow obtaining a sensor response within the upper 
millisecond range, whereas dimensions in the order of 100 µm results in response times of several 
minutes. 

The influence of the ionic strength on the response time can be examined on both sensors with 
thicknesses in the order of 300 nm. The quartz crystal micro balance sensor was investigated in the 
acidic range at a high ionic strength and obtained a shortest response time of 500 ms [64]. The 
refractometric sensor works within the neutral pH range characterised by a low ionic strength. 
Therefore, the response is time consuming with about 80 s. 

Furthermore, the response time of the sensors is strongly affected by forces which influence the 
swelling process of the hydrogel. Sensors using the mechanical work of the hydrogels tend to show a 
significant difference between time of swelling and shrinking. At the bending plate sensor [79] the 
plate constrains the swelling due to the elastic counterforce resulting in a response time of 7.6 h after 
an increase of pH 1 to pH 6. The vice versa shrinking process is assisted by the elastic force of the 
bending plate, which leads to a response time of about 40 min. The shrinking is more than eleven times 
faster than the swelling.  

In contrast devices based on free swelling gels tend to be quicker and show no significant difference 
between swelling and shrinking time. For example, the quartz crystal micro balance sensor possesses a 
500 ms response time of swelling and 800 ms for shrinking by a change of pH 1.84 to 3.19 and vice 
versa [64]. 

5.4 Calibration and offset correction  

The good linearity of the sensors within their working range allows the application of a simple two-
point calibration [63]. It should be noted that a calibration must be performed separately for each 
process solution. 

Besides such calibration an offset can be corrected by adjusting the function-defining dimension, 
e.g. a plate distance to the hydrogel. The basic principle for a mechanical adjustment is described in 
[29]. For special hydrogels with a double-sensitivity an adjustment of the offset can be performed 
electronically [28].  

5.5 Long-term stability  

During the first operation a hydrogel sensor often shows poor accuracy of measurement. This is 
caused by changes in the microscopic structure of the polymer network because too short polymer 
chains have to be broken and other chains have to find their optimal arrangement. Performing a 
number of conditioning cycles (mostly less than 10 cycles), the polymer network can be “warmed up” 
resulting in a significant increase of the measurement accuracy [88].  

An important problem is the delamination of the hydrogel layer of the sensor. This can be avoided 
by using an adhesion promoter with long spacers [89], very thin hydrogel layers [64], film-developing 
microgels [90] or enclosing of the hydrogel element [77]. 



Sensors 2008, 8  
 

 

576

Prior in solutions with high ionic strength hardly soluble complexes or salts can be accumulated 
inside the hydrogels resulting in an irreversible malfunction of the sensor. The development of such 
agglomerates can occur within few hours. Only very thin hydrogel films do not tend to such effects. To 
avoid this the sensor should be regularly purged and stored in deionised water. A correctly maintained 
hydrogel-based sensor can be used several years. 

6. Conclusions 

Hydrogel-based pH sensors exhibit an extraordinary sensitivity in the order of up to 10-5 pH units. 
The statistically proven accuracy of measurement is typically 10-2 to 10-3. They are able to measure in 
real-time. The working range of sensors spans two or three pH units. Therefore the hydrogel-based 
technology does not provide universal sensors operating in a large pH range. Rather, the advantage of 
that sensors is a wide diversity of usable hydrogels providing tailored sensor solution for many special 
applications. Furthermore, hydrogel-based sensors can be miniaturised and are integrable into 
Microsystems. They can be realized using commercialised transducer principles. 
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