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Tactile sensors capable of perceiving biophysical signals such as force, pressure, or
strain have attracted extensive interests for versatile applications in electronic skin, noninvasive health care, and biomimetic prostheses. Despite these great achievements, they are
yet incapable of detecting bio/chemical signals which provide even more meaningful and
precise health information, due to the lack of efficient transduction principles. Herein, we
propose a tactile chemomechanical transduction strategy that enables the tactile sensor to
perceive bio/chemical signals. In this methodology, pyramidal tactile sensors were linked
with biomarker-induced gas-producing reactions, which would transduce biomarker signals to
electrical signals in real time. The method is advantageous as it enhances electrical signals by
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more than 10 fold based on a triple-step signal amplification strategy, as compared to
traditional electrical biosensors. It also constitutes a portable and general platform capable of
quantifying a wide spectrum of targets including carcinoembryonic antigen, interferon-, and
adenosine. Such tactile chemomechanical transduction would greatly broaden the application
of tactile sensors toward bio/chemical signals perception which can be used in ultrasensitive
portable biosensors and chemical-responsive chemomechanical systems.

Tactile sensor converts the force information of an object or event to electrical signals
based on piezoresistivity, capacitance, and piezoelectricity principles.[1-3] Recent years have
witnessed the booming development of tactile sensors with excellent mechanical adaptability
and ultrasensitivity, which have been succesfully applied in electronic skin to “feel” irritants
(several Pa), non-invasive healthcare to record pulse waves (low-pressure <10 kPa), and
biomimetic prostheses to perceive vibrations.[4-6] Currently, the application of these tactile
sensors are limited to the detection of physical signals such as pressure, lateral strain and
vibration.[7-10] Due to the lack of efficient transduction principles, tactile sensors are yet
incapable of perceiving biochemical signals. As these biochemical signals such as proteins
and metabolites are widely existed and contain even more valuable and precise health
information at the molecular level,[11] the detection of biomarkers by tactile sensors may
significantly broaden their application in ultrasensitive portable biosensors and chemicalresponsive chemomechanical systems. Therefore, the key aim of our research is to develop a
tactile chemomechanical transduction methodology that transduce biomarkers information to
force or pressure signals detectable by tactile sensors, which could endow well-developed
tactile sensors with the capability of perceiving biochemical signals (Figure 1a, b).
Bio/chemomechanical coupling is a common and important mechanism for precise selfregulation in biological organisms, such as the opening of the protein channel in response to
chemical stimli.[12-15] However, it is challenging to utilize this natural coupling effect for
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portable biosensing.[16-18]

The main challenges are (i) the difficulty to detect the weak

mechanical signals of nano- or micro- scale in real time and in-situ without bulky detection
instruments, and (ii) the lack of quantitative correlationship between mechanical signals and
biomarkers.[19-20]

To solve the intractable problem regarding weak mechanical signal

detection, we propose tactile sensors based on elastic microstructured array, which possess the
advantageous features of ultrasensitivity, real-time monitoring, and ready integration with
electronics. Meanwhile, it is noted that many chemical reactions have close and mutual
interaction with environment pressure, especially for reactions containing liquid-gas phase
transition.[21-23] Hence, by rationally linking the biomarkers with a gas-producing reaction
using nanocatalysts labeled to biomolecules as the bridge, we build a correlation between
biomarker and pressure. In this way, tactile chemomechanial transduction is designed, in
which tactile sensors are utilized to sensitively perceive biomarker-induced mechanical
signals.
The design comprises of a biomarker-induced gas-producing reaction and a
microstructured tactile sensor (Figure 1c). The bioreaction is based on a nanocatalyst-labeled
sandwhich immunocomplex, which trigger gas-producing reactions by the specific
recognition of biomarkers. An elastomer film comprising a pyramidal array is selected as the
deformation layer, due to the inherently elastic feature of elastomers and the small shape
factor of pyramids.[9] The rationale is that pyramidal tactile sensors can transduce biomarkerinduced pressure signals to electrical signals which quantitatively reflect biomarker
information. Compared to traditional electrochemical biosensors that rely on electron transfer
between electrodes and active species in solution, our methodology is characterized by the
following advantages: i) providing a general method to readily transfer electro-inert reactions
into electrical signals; ii) avoiding direct contact between the electrode and the solution,
which excludes the electrode poisoning phenomena and modification procedures; iii)
introducing a triple-step signal amplification that includes catalytic effect, gas-producing
3

reactions, and elastic pyramidal array which can enhance electrical signals by more than 10
fold compared to traditional electrical biosensors. Based on the aforementioned advantages,
tactile biosensors are portable, sensitive, and general for a wide spectrum of targets including
carcinoembryonic antigen (CEA), interferon- (IFN-), and adenosine. Hence, the tactile
chemomechanical transduction methodology, which allows soft tactile sensors to perceive
biomarkers, which would be extremely valuable in portable diagnostics as well as
constructing responsive multimodal chemomechanical systems.
The fabrication of the tactile biosensor includes the preparation of device framework and
integration of pyramidal tactile sensors. The framework was firstly designed via Solidworks
software and fabricated using the UV-assisted three dimention (3D) printing method. Each of
device contains a chamber with inner volumn of 0.8 mL and two square channels of 2  2 mm
(Figure 1d). One channel serves as the connection to tactile sensors and the other one as the
liquid inlet/outlet. Tactile sensor has three components, the pyramidal polydimethylsiloxane
(PDMS) film, CNT conductive layer, and interdigital counter electrode. PDMS film with
uniform pyramid diameter of 6 m was firstly prepared via curing PDMS precursor on the
pyramidal Si template (Figure S1a, Supporting Information).[9, 24] Pyramid is chosen here
because of the optimal geometrical shape with the high deformation ability upon compression
due to the strain concentration.[25] After O2 treatment on the designed pattern (2  2 mm) of
PDMS film, carbon nanotube solution was dropped on the patterned area. CNT network with
high stability was selected here and attached on the pyramidal PDMS layer based on
hydrogen bond between carboxylated carbon tubes and hydroxyl functionalized PDMS film
(Figure S1b, Supporting Information).[26] CNT/PDMS film was then pasted on the device
using semi-cured PDMS as the glue. Interdigital Au/Cr pattern with width and gap of 200 m
on polyethylene terephthalate (PET) substrate was used as the counter electrodes for
convenient circuit connection (Figure S1c, Supporting Information). Au/Cr electrode was
then fixed above the pyramidal film by glass and the epoxy glue. Glass keeps the flatness of
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counter electrode and the glue avoids the position shift of electrodes upon pressure. In this
way, a fully integrated chemomechanial transduction device was fabricated via integrating
pyramidal CNT/PDMS film and interdigital counter electrode on 3D-printed framework.
Details of the device fabrication are given in the Supporting Information.
The performance of tactile sensor was firstly characterized with a constant voltage of 1 V.
Pyramidal CNT/PDMS film illustrates a linear detection range from 120 to 2400 Pa with a
sensitivity of 0.15 Pa-1 (Figure 2a and S1d, Supporting Information). Excellent stability of
the sensor is demonstrated by performance variation of 5.46% during repeatedly applying and
removing pressure for 5000 cycles (Figure 2b). Response time of tactile sensor is measured
to be 250 s by monitoring the voltage drop of a 50 Ω resistor in series with the tactile sensor
(Figure 2c).

Compared to previous piezoresistive pressure sensors,[9,

27-31]

pyramidal

CNT/PDMS sensor shows high sensitivity and rapid response (Table S1). These features are
advantageous for the sensitive, reliable and real-time transduction of pressure signals of gasproducing reactions.
The gas-producing reaction is based on the catalytic decomposition of H2O2 which is
efficient, environmental benign, and catalyst-dependent. To obtain a high efficient system, a
series of catalysts[32-37] were investigated included natural horseradish peroxidase (HRP),
platium nanoparticles (Pt NPs), Prussian blue nanoparticles (PB NPs), and MnO2 NPs.
Procedures include adding H2O2 solution and catalyst in chamber through the channel, sealing
the device and then recording the current at a constant voltage of 1 V.

With the gas

production in the chamber, the pressure inside is enhanced, which results in the pressing of
the conductive pyramid onto the counter electrode. Then the contact area between the film
and electrode increases, which causes the device to experience a decrease in resistance and
thus an increase in current until reaching the maximal deformation of pyramid. Hence, the
current changes reflect the information of gas-producing reactions like catalytic efficiency and
the amount of catalysts.
5

It is noted that the current increment varies for different catalysts and ascends following
the sequence of MnO2 NPs, PB NPs, HRP, and Pt NPs (Figure 2d). Within the same reaction
interval, the larger amount of current increment indicates a higher gas-producing rate
corresponding to a higher catalytic efficiency. The efficiency of catalysts was quantified via
kinetic parameters of catalysts (kcat) based on steady-state kinetics. We obtain the kcat value
for Pt NPs of 5.20103 s-1 which is larger than that of HRP (1.72103 s-1), PB NPs (2.46102
s-1) and MnO2 (1.89102 s-1) (Figure S2 and Table S2, Supporting Information), and they are
comparable to literatures.[32, 35] Hence, tactile chemical sensor provides an avenue to quantify
the catalytic efficiency and Pt NPs with highest efficiency are selected as the optimal
biolabels.
Then, the quantitative detection of the concentration of Pt NPs was tested. Considering
the maximal deformation of pyramidal elastomer, current change (i/i0) at 600 s is used as the
quantitative parameter where i is the current change at a reaction time interval of 600 s, and
i0 is the initial current. The sensitivity for Pt NPs (SPt NPs) of tactile sensors is defined as
δ(Δi/i0)/δcPt NPs. The results show that i/i0 is proportional to the concentration of Pt NPs,
indicating that the tactile sensor could quantitatively read out the concentration of Pt NPs,
which is a prerequisite for Pt NPs-labeled biomarker detection (Figure 2e).
As the signals are dependent on the deformation of elastomer, Young's modulus of PDMS
is expected to affect the sensing performance. To figure out the optimal property of elastomer,
PDMS with Young's modulus of 1.31, 0.69, and 0.28 MPa were prepared and denoted as
PDMS10, PDMS15, and PDMS20, respectively (Figure S3d, Supporting Information). PDMS20
based device showed SPt NPs of 447 nM-1 and linear detection range (LDR) from 0.001 to 0.6
nM, compared with PDMS15 (SPt NPs: 261 nM-1; LDR: 0.005~1 nM), and PDMS10 (SPt NPs: 119
nM-1; LDR: 0.01~2.5 nM) (Figure 2e and Figure S3a-c, Supporting Information). PDMS with
smaller Young's modulus experiences a larger deformation upon a certain pressure and
exhibits higher sensitivity which is desirable for trace biomarker detection in early diagnosis
6

of diseases. Comparatively, PDMS with larger Young's modulus shows wider detection
ranges, which is advantageous for precise detection of biomarkers with broad concentration
distributions.

In our case, PDMS20 was used for tactile biosensors to achieve a highly

sensitive portable bioassay platform.
Moreover, the robustness of tactile chemical sensor were evaluated by the device to
device variations.

Based on the performance of five different devices, the variation of

individual catalytic system is less than 9.1% indicating the robustness of device fabrication
process (Figure S4, Supporting Information). The good reliability and stability of tactile
chemical sensor was verified by using one device to repeatedly monitor the reaction. For
every test, the procedures are the same which includes injecting newly-prepared solution,
sealing, recording the current, and then unsealing. The pressure can be reset by unsealing the
chamber manually within seconds. The reactants including biomaterials are stored at 4 oC
before use and they are disposed after one test. The concentration of H2O2 and Pt NPs were
kept unchanged, which are 1 M, and 600 pM, respectively. The current of sensor showed
repeated gradual increase and shape decrease which were due to the gas-producing reactions
in chamber and pressure reset operation, respectively, as shown in Figure 2f. A cyclic testing
of 50 cycles shows variation less than 7.31% which illustrated the good reliability and
stability of device (Figure S5, Supporting Information). For comparison, we also tested
tactile biosensors based on unstructured elastomer. It is clearly to see that the current could
not return to the original state when the chamber was unsealing (Figure S6, Supporting
Information). This might be ascribed to that the unstructured elastomer stuck to the electrode
due to the visco-elastic property of elastomer. In contrast, pyramid structure acts as space to
enable the elastic deformation of microstructure, which minimizes the problems associated
with visco-elastic behaviour of elastomer.[1]

Consequently, based on chemomechanical

transduction principle, pyramidal tactile chemical sensors realize the stable, robust, real-time,
and in-situ perception of the chemical signals.
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Utilizing Pt NPs as the labels to biomolecules, tactile biosensors are constructed based on
elastic pyramidal arrays to perceive biomarkers, which provide a sensitive and stable platform
for portable biosensors. Portable devices will be more and more important in furture medical
system as they provide a convenient way to alert patients to perceive the abnormality of
biomarkers in advance and take precautions before the deterioration of diseases. Considering
that the development and spread of cancer is a mutistep process, portable cancer diagnostics
should be even more meaningful as early diagnosis of cancer greatly increases the treatment
efficiency. Hence, CEA, which is a model cancer biomarker, was chosen as the detection
target to demonstrate tactile biosensors.
To achieve tactile biosensors for CEA, the device was linked with a specific immunoreaction (Figure 3). Details are given in the Supporting Information. Briefly, core shell
Fe3O4@SiO2/Au/antibody 1 (Ab1) were firstly synthesized to specifically capture the antigen
(Figure S7, Supporting Information).[38-40] Antibody 2 (Ab2) was labeled with Pt NPs using
in-situ polymerization with dopamine as the monomer.[34] With the presence of CEA, a
sandwich immunocomplex is formed based on the specific interaction between antibody and
CEA, which is similar to the sandwich immunoassay. Based on immunoreaction followed by
magnetic separation and rinsing to remove the unanchored or physical adsorbed Pt NPs,
magnetic Ab1/CEA/Pt NPs-Ab2 was achieved (Figure 3a and S8, Supporting Information).
After dissociation of the magnetic composites, bioreaction suspensions that contain Pt NPs
were added into the chamber for detection. The current gradually increases (Figure 3b) which
suggests the successful capture of Pt NPs by specific immunoreaction. When increasing the
concentrations of CEA in the bioreactions, the current increases more quickly and reaches a
higher platform. It is reasonable that more CEA anchor more amount of Ab2/Pt NPs and thus
induce higher decompostion rate of H2O2 corresponding to larger amount of current increment.
This correlationship enables the quantitative detection of biomarkers.

Based on current

changes (i/i0), tactile biosensors show LDR from 0.05 to 50 ng/mL for CEA (Figure 3c).
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The detection range fully covers the range of CEA concentration in serum from healthy ( ~
2.5 ng/mL) and patient (tumors  ~ 20 ng/mL and potential tumor metastasis  ~ 20
ng/mL).[41-42]
Good anti-inference was verified by negligible current changes upon the addition of
other tested species in the bioreactions (Figure 4a) including glucose, HSA, dopamine,
adenosine, and IFN- which might be present in serum. The reliability of tactile biosensors
was proved by the satisfactory recoveries (variation less than 4.16%) in real serum spiked
with CEA (Figure 4c). Noted that Furthermore, we tested clinic serum samples which are
from one healthy people, one patient with benign tumors and five cancer patients. It is found
that the i/i0 value was positively correlated with CEA concentration measured by classical
Elisa assay. Not only that, the CEA concentration obtained from tactile biosensor also
reflects the disease status of patients which could be utilized for predicting the disease status,
including health, benign tumor, and potential tumor metastasis (Figure 4b).[41-42]
As Pt NPs is a kind of general biolabels, the generality of tactile biosensor was further
testified via IFN- and adenosine. The formal is a cytokine related to many infectious
diseases and the latter is an important biological cofactor.[43] We show that tactile biosensors
successfully detect IFN- from 0.5 to 25 nM and adenosine from 5 to 60 M through
choosing specific recognition biomolecules (Figure 3c, S9a-c, Supporting Information).
These range are of clinic significance to monitor the physiological levels of the cytokine
secreted by the immune cells (nanomolar range),[44-45] and abnormality of adenosine in urine
(tens of micromolar) due to kidney function.[46-47] Further interference experiment showed
that potential interference species caused variations within 8.3%, and 8.8%, respectively, for
IFN-, and adenosine (Figure S9d and e, Supporting Information). The good anti-interference
ability is ascribed to the specific binding ability of aptamer.
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Moreover, when tactile biosensors are combined with wireless Ammeter, current signals
can be transmitted to smartphone for portable biosensors (Figure 4e and f). The Keithley was
also used to collect the data for comparison (Figure S10). The consistency of results on
smartphone with that on Keithley indicated the reliability of portable device based on wireless
technology. Compared with previous commercial pressure meter-based biosensors, the tactile
biosensor shows advantages in terms of miniaturization and integration which can be facile
connected with well-developed electronics (Table S3). The customized sensor arrays by 3Dprinting technology will also benifit high throughput detection. For practical application, the
overall operation for user part is sufficiently simple using biomolecules prepared in advance.
The H2O2 solution is kept in the chamber which will not contact with or cause any harm to
biosubstance during biosensing process. Any inexperienced users can be trained in a few
minutes, including mixing biomolecules, magnetic separation, and device testing. The testing
time could be further reduced via increasing the Pt NPs loading amount, enhancing immune
recognition efficiency, and chamber design with reduced volume of space. Hence, tactile
biosensors provide a reliable, general and portable platform for disease diagnostics.
Compared with previous electrical transducers for CEA including electrochemical,
photoelectrical, and electrical-resistance biosensors, tactile biosensor shows advantages in
terms of sensitivity, generality and portability. Figure 4d illustrates the performance of
biosensors based on catalytic current,[48-53] redox current of labeled species,[54-56] photoactivated current,[57-59] and electrochemical resistance,[60-65] respectively. The sensitivity was
calculated based on i/i0 per unit concentration of CEA (ng/mL) on unit area of electrode
(cm2). These biosensors generally show current signals at nano- or microampero scale and
sensitivity with mean value less than 30 due to the limitation of electrode area, activity and
concentrations of electroactive species.

Comparatively, the tactile biosensor transfers

reactions into electrical signals at miliampero scale via a peizoresistive principle and shows
sensitivity with value of 372. We also quantitatively described the operation of each step
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based on reaction efficiency, stoichiometric principles, and ideal gas law (details given in the
Supporting Information).

CEA-induced pressure (Pa) is linearly dependent on the

concentration of CEA (ng/mL) with a fitted expression of P = 144.85cCEA + 6.41 (Figure S11).
Based on sensing performance of tactile sensor, the estimated value of sensitivity is 553.33 
80, which is comparable to our experiment data. The sensitivity of tactile biosensor is 10-fold
higher than traditional electrochemical biosensors that generally contain one-step
amplification such as catalytic effects.

Tactile biosensors contain triple-step signal-

amplification which is responsible for the high sensitivity. They are (i) liquid-gas phase
transition with pressure expanding by 2–3 orders of magnitude, (ii) Pt NPs work as catalyst
which enables one molecular bio-recognition event to generate more than one million O2
molecules, (iii) pyramidal PDMS films sensitively transfer small pressure to milliampero
current signals. Meanwhile, triple-step signal-amplification readily enables the transduction
of non-redox reactions such as biomolecular recognition reactions into amplified electrical
signals. Moreover, this transduction methodology is non-invasive where the electrode did not
contact with the solution. This feature avoids electrode modification and eliminates the
poisoning effect of electrode, which leads to better reproducibility and stability of tactile
biosensors.
In summary, we demonstrated a tactile chemomechanical transduction that allows tactile
sensor to preceive bio/chemical signals which provide a biosensing platform with high
sensitivity, wide generality, and portability. The principle is that based on elastic pyramidal
array, tactile sensors transduce the signals of biomarker-induced gas-producing reactions to
electrical signals via a real-time and senstive way. Through selecting optimal biorecognition
molecules, we show that tactile sensors realize the quantification of a variety of targets
including CEA, IFN-, and adenosine. Moreover, this platform is portable and readily to be
integrated with wireless technologies for constructing portable diagnostic devices. We expect
that the concept of tactile chemomechanical transduction greatly broadens the application
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range of tactile sensors and has the potential to build up a multimodal device capable of
monitoring chemical, electrophysiological and physical signal.
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Figure 1. Scheme of tactile chemomechanical transduction for portable biosensing. a)
Current tactile sensors for monitoring physical signals.

b) Concept of tactile

chemomechanical transduction based on elastic microstructured array for monitoring
chemical signals.

c) The principles for tactile biosensor.

The design comprises of a

biomarker-induced gas-producing reaction and a pyramidal tactile sensor. Tactile sensor
based on elastic pyramidal array is expected to quantitatively transfer the concentration of
biomarker to current signals, as described by the equation, where i is the current, p is the
pressure, c is the concentration, T is the temperature, krate is the decomposition rate, and R is
the ideal gas constant. d) The digital image of 3D-printed device array and their cross-section
view. Each device contains a reaction chamber and two channels. e) Real-time readout of the
catalytic decomposition of H2O2 by tactile chemomechanical device.
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Figure 2. Characterization of the chemomechanical transduction capacity of tactile sensors.
a) The linear response of pyramidal tactile sensors to pressure. b) Stability of the sensor is
demonstrated by applying and releasing pressure of 2000 Pa for 5000 cycles. c) Response
time of the tactile sensor to pressure (250 s). The inset shows the magnification of voltage
changing area. d) Tactile sensors for monitoring the catalytic decomposition of H2O2. H2O2:
1 M; catalysts (Pt NPs, HRP, PB NPs, MnO2): 5 nM. The largest current increment indicates
the highest catalytic efficiency of Pt NPs. e) Tunable linear detection range of Pt NPs by
tactile sensors. Pyramidal PDMS10, PDMS15, and PDMS20 with decreasing Young’s modulus
in sequence show an increase of chemomechanical transducing sensitivity. f) The stable
cycling performance of tactile sensors for continuing monitoring the catalytic decomposition
of H2O2.

18

Figure 3. Sensing performance of tactile biosensors for various biomarkers. a) Schematic
illustration of CEA immunoassay based on magnetic particles for separation and Pt NPs as
labels. b) The current response of tactile biosensors for CEA with concentrations from 0 to 50
ng/mL. c) The linear detection of tactile biosensors for CEA (ng/mL), IFN- (nM), and
adenosine (M), respectively.
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Figure 4. Evaluation of the tactile chemomechanical transduction for portable biosensing. a)
Selectivity of tactile biosensors for CEA. Tactile biosensors for CEA detection using b) clinic
serum samples and c) serum samples spiked with CEA. d) Performance comparison of tactile
biosensors with current electrical transduction methods.

Tactile chemomechanical

transduction enhanced the sensitivity by 10-fold based on a triple-step amplification strategy.
The configuration e) and photo images f) of tactile biosensors integrated with wireless
technology for portable CEA biosensors. The photo images are collected at reaction interval
of 100, 400 and 600 s.
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