
 
 

Delft University of Technology

Monolithic integration of a smart temperature sensor on a modular silicon-based organ-
on-a-chip device

Martins Da Ponte, Rolando; Gaio, Nikolas; van Zeijl, Henk; Vollebregt, Sten; Dijkstra, Paul; Dekker, Ronald;
Serdijn, Wouter; Giagka, Vasiliki
DOI
10.1016/j.sna.2020.112439
Publication date
2021
Document Version
Final published version
Published in
Sensors and Actuators A: Physical: an international journal devoted to research and development of
physical and chemical transducers

Citation (APA)
Martins Da Ponte, R., Gaio, N., van Zeijl, H., Vollebregt, S., Dijkstra, P., Dekker, R., Serdijn, W., & Giagka,
V. (2021). Monolithic integration of a smart temperature sensor on a modular silicon-based organ-on-a-chip
device. Sensors and Actuators A: Physical: an international journal devoted to research and development of
physical and chemical transducers, 317, 1 - 7. Article 112439. https://doi.org/10.1016/j.sna.2020.112439
Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.sna.2020.112439
https://doi.org/10.1016/j.sna.2020.112439


Sensors and Actuators A 317 (2021) 112439

Contents lists available at ScienceDirect

Sensors  and  Actuators  A:  Physical

journa l h om epage: www.elsev ier .com/ locate /sna

Monolithic  integration  of  a  smart  temperature  sensor  on  a  modular
silicon-based  organ-on-a-chip  device

Ronaldo  Martins  da  Ponte a,∗,  Nikolas  Gaio b,  Henk  van  Zeijl a, Sten  Vollebregt a,
Paul  Dijkstra c,  Ronald  Dekker a,d, Wouter  A.  Serdijn a,  Vasiliki  Giagka a,e

a Faculty of Electrical Engineering, Mathematics and Computer Science, Department of Microelectronics, TU Delft, Mekelweg 4, 2628 CD, The Netherlands
b BIOND Solutions B.V., TU Delft, Mekelweg 4, 2628 CD, The Netherlands
c Philips Innovation Services, MMD, Eindhoven 5616 LZ, The Netherlands
d Philips Research, Eindhoven 5656 AE, The Netherlands
e Department of System Integration and Interconnection Technologies, Fraunhofer Institute for Reliability and Microintegration, IZM Gustav-Meyer-Allee
25,  13355 Berlin, Germany

a  r  t  i  c  l  e  i  n  f  o

Article history:
Received 23 July 2020
Received in revised form
18 September 2020
Accepted 13 November 2020
Available online 21 November 2020

Keywords:
Organs-on-a-chip
Smart temperature sensor
Time-mode domain signal processing

a  b  s  t  r  a  c  t

One of  the  many  applications  of organ-on-a-chip  (OOC)  technology  is  the  study  of  biological  processes  in
human  induced  pluripotent  stem  cells  (iPSCs)  during  pharmacological  drug  screening.  It is of paramount
importance  to  construct  OOCs  equipped  with highly  compact  in  situ  sensors  that  can accurately  monitor,
in  real  time,  the extracellular  fluid  environment  and anticipate  any  vital  physiological  changes  of  the
culture.  In  this paper,  we  report  the  co-fabrication  of  a CMOS  smart  sensor  on  the  same  substrate  as
our  silicon-based  OOC  for real-time  in  situ  temperature  measurement  of the  cell  culture.  The  proposed
CMOS  circuit  is  developed  to provide  the  first monolithically  integrated  in  situ  smart  temperature-sensing
system  on  a  micromachined  silicon-based  OOC  device.  Measurement  results  on wafer  reveal  a resolution
of  less  than  ±0.2 ◦C  and  a nonlinearity  error  of  less  than  0.05%  across  a temperature  range  from  30  to
40 ◦C. The  sensor’s  time  response  is  more  than  10 times  faster  than  the  time  constant  of  the  convection-
MEMS
CMOS monolithic integration
MEMS-electronics co-fabrication

cooling  mechanism  found  for a  medium  containing  0.4  ml  of  PBS  solution.  All  in  all,  this  work  is  the
first  step  towards  realizing  OOCs  with  seamless  integrated  CMOS-based  sensors  capable  to  measure,  in
real time,  multiple  physical  quantities  found  in cell  culture  experiments.  It is  expected  that  the  use  of
commercial  foundry  CMOS  processes  may  enable  OOCs with  very  large  scale  of  multi-sensing  integration
and actuation  in a closed-loop  system  manner.

©  2020  The  Author(s).  Published  by Elsevier  B.V.  This  is an  open  access  article  under  the  CC  BY license
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1. Introduction

Organ-on-a-chip (OOC) is an emergent technology in which a
microfluidic perfusion platform for culturing human iPSCs is used
to mimic  a minituarized version of an explicit organ anatomy and
physiology. This technology has been developed to substitute tradi-
tional in vitro and animal models that are often inaccurate to predict
the human physiology [1,2]. Studies indicate that OOCs can play a
transformative role in the drug development cycle by bridging the

gap between preclinical studies and human trials, while reducing
the pharmaceutical R&D costs to 10–26% [3].

∗ Corresponding author.
E-mail address: r.martinsdaponte@tudelft.nl (R.M. da Ponte).
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0924-4247/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article
(http://creativecommons.org/licenses/by/4.0/).

For the construction of these OOC systems, various micro-
nd nano-fabrication technologies have been used, including
oft lithography on elastomeric materials. The simplicity, fast
urnaround time, and relatively low cost of this technique affords
uick experimentation of new designs. Examples of such designs

nclude OOCs for the heart [4], the liver [5], the kidney [6], the
ung [7], and tumours [8,29]. On the other hand, shortcomings of
uch methods include limited device throughput which is a crucial
eature for high-volume manufacturing.

To overcome this, MEMS  (Microelectromechanical Systems)
echnology based on silicon wafer level processing proves to be a
ery efficient option for micromachining high-aspect ratio struc-
ures with submicrometer resolution, and over a wide range of

aterials [9]. Although dependent on highly specialized and expen-

ive equipment, the high initial costs are counteracted when large
roduction volume is anticipated. Additionally, MEMS processes
ften are compatible with CMOS (complementary metal oxide

 under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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semiconductor) technology which allows monolithic integration
of dedicated interface electronics for thermal, optical, pH, and
label-free sensing necessary to design compact cell culture systems
[10]. Furthermore, the in situ real-time analysis offered by these
microelectronic systems could reveal new insights into intra- and
inter-cellular signalling pathways.

Currently, the aforementioned analysis assumes that the pH,
temperature (∼37 ◦C), humidity (∼95% RH) and gaseous atmo-
sphere (CO2/O2 levels) around the cell culture medium are
regulated by incubators. These parameters should be kept constant
since they play a pivotal role in the optimal growth and maximum
productivity of the cell culture [11]. However, variations do occur,
which cause stress in the cells that can respond in various ways
ranging from the activation of survival pathways to the initiation
of senescence.

Especially, recurrent temperature variations in the cell culture
should be carefully monitored as they may  severely affect the
experiments. Causes for such variations can be due to deviations
between the incubator’s temperature setpoint and the tempera-
ture of the cells, the frequency and duration of the incubator’s door
opening, and the duration the cells are outside the incubator for
inspection [12]. Above all, time spent outside the incubator rep-
resents a larger, more variable, factor that is likely to impact cell
health. A drop of the culture temperature to room temperature
results in a considerable decrease in cell growth along with the
accumulation of cells in the G1 phase [13,14]. In fact, the rate at
which the temperature of the cell culture decreases outside the
incubator is unknown to life science researchers. This has moti-
vated us to construct a real-time CMOS temperature sensor to
monitor the in situ temperature of the culture throughout the cell-
division cycle.

A variety of electrical cell culture temperature sensing meth-
ods has been presented in previous literature: commercial T-type
thermocouples made of copper and constantan wires [15], NTC
(negative temperature coefficient) thermistors [16] or commercial
PT-100 RTDs (resistance thermometer detectors) [17]. A common
drawback of the aforementioned solutions manifests itself when
interfacing the sensor’s output with readout systems that are out-
side the culturing environment. In this scenario, with the sensor
remote from readout electronics, various sources of errors (noise,
interference, distortion, crosstalk, etc.) may  be introduced over the
channel and impair the measurement. Moreover, such commercial
sensors are not very compact for OOC applications.

Non-electrical temperature sensing methods have also been
reported, such as liquid crystal displays [18], fluorescent poly-
meric thermometers [19], and optoacoustic methods [20]. These
solutions, however, are not very compact because they depend on
expensive and bulky instrumentation laboratory equipment [21]
to optically map  the temperature of the culture. Moreover, these
systems have poor resolution (∼1 ◦C), do not easily allow the inte-
gration of closed-loop systems and do not offer the high throughput
of silicon-based microsystems.

To tackle these shortcomings, we have fabricated a smart tem-
perature sensor on the same silicon substrate used to construct
our custom micromachined organ-on-a-chip device. As a conse-
quence, the system is made more compact and the robustness to
various sources of errors is enhanced. To accomplish this, we used
a simple, robust, and custom in-house integrated circuit (IC) tech-
nology [22]. We  have previously used this technology to design
and characterize a suitable temperature sensor [23]. In this paper,
we are presenting a complete, seamlessly integrated in situ smart
temperature-sensing system on an OOC. To the best of the authors’

knowledge this is the first time such integration is performed using
a custom-designed sensing and conditioning circuit fabricated on
the same silicon substrate as that of the OOC.

s
c
c
V

2

Fig. 1. Artistic impression of the Cytostrech system.

As opposed to a System-in-Package (SiP) approach, in which
n outsourced ASIC (Application-specific Integrated Circuit) is het-
rogenously integrated on the OOC device, our solution avoids
he use of chip mounting technology (e.g. wire and die bonding)
hat usually requires extra packaging protection of the assembled
omponents. In contrast, our seamless integration minimizes the
xtra processing steps and precludes potential mechanical stresses
aused by mismatches in the thermal expansion coefficient of the
arious dissimilar components and materials to be used in a SiP sce-
ario. Finally, the holistic CMOS-MEMS co-design approach offers
he possibility to conform and better accomodate the inclusion of
MOS electronics over various MEMS  topologies.

. Materials and methods

Our OOC platform, presented here as Cytostretch [24], is
odular, customizable, silicon-based and microfabricated with

leanroom-compatible processes. The main components of the sys-
em are depicted in Fig. 1, where the Cytostretch chips are bonded
o a PCB that includes a moulded multi-well plate for culturing
he cells. The chips include a pneumatically-activated freestand-
ng dog-bone-shaped PDMS membrane to accommodate the cell
ulture (module 1) while delivering mechanical stimuli to the cells
n various in-vitro studies, additional features, such as through-

embrane micro-pores for biological signal exchange (module 2),
n-membrane grooves for cell alignment (module 3), in-membrane
itanium nitride (TiN) microelectrodes for monitoring activity from
lectrically active cells (module 4), and titanium (Ti) strain gauges
o measure the deformation of the PDMS membrane during infla-
ion (module 5). More details on these specific modules can be
ound in [25]. The smart temperature sensor presented in this paper
s the sixth module of this OOC platform. This module was accom-
lished thanks to the monolithic integration of this smart sensor
n the backside of our OOC device. The temperature of the cells is
ensed as a result of the heat transferred from the culture medium
o the crystalline silicon through thermal conduction mechanisms
ssociated with elastic vibrations of the lattice (i.e. phonons trans-
ort).

.1. The smart temperature sensing module

The smart sensing module was designed to detect the in situ
emperature of the culture and convert it into a periodic digital elec-
ronic signal, which carries the temperature information encoded
n the time domain. To realize this, the system consists of two main
locks: a proportional to absolute temperature (PTAT) current gen-
rator (employing NPN bipolar transistors to sense the temperature
nformation) and a relaxation oscillator (Fig. 2).

The circuit operation can be understood from the system dia-
ram of Fig. 2. During start-up, the output of the comparator is

et to a logic “0” which turns the CMOS switches (�̄) on for the
omparison phase. As a result, a PTAT current is integrated in the
apacitor and its voltage (Vc) is ramped up. When Vc equals voltage
H, the output of the comparator toggles and turns the other pair of
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Fig. 2. Main blocks of the smart CMOS temperatu

CMOS switches (�)  on. The voltage Vc is now ramped down via the
PTAT current sink until it reaches VL ending the discharging cycle.
Once started, this process continues indefinetely to yield a signal in
which the period is PTAT according to the equation T = C�V/IPTAT,
where �V  is the difference between the threshold voltages VH and
VL, C is the capacitance and IPTAT is the PTAT current generated.

2.1.1. PTAT generator
The PTAT current generator yields a current that is proportional

to the voltage drop (�VBE) across the resistor R. Since this voltage is
the difference of two base-emitter voltages, the current produced,
I = �VBE/R, is PTAT. Current mirrors with a m:1 ratio convey the
copy of this PTAT current to the capacitor. The collector voltages
are forced to be equal, regardless of variations in the power supply
or in the temperature, via the negative feedback loop that includes
the opamp (Operational Amplifier), the bipolar devices (Q1 and Q2)
and the resistor. The expression of the current across resistor R is:

IPTAT = UT
R

ln(mn), (1)

where UT is the thermal voltage (≈26 mV at room temperature), m
is the current mirror ratio and n is the bipolar emitter area ratio.
Hence, the responsivity of this block is mostly determined by the
current mirror and emitter area ratios. In the design, values of 5
and 4 for m and n, respectively, were chosen. In addition, a start-
up circuit for this PTAT cell was implemented to ensure its correct
operating point.

2.1.2. Relaxation oscillator
The relaxation oscillator is realized by a feedback control per-

formed by the comparator, the PTAT current source and the
hysteresis circuit. Hysteresis is a functional requirement for the
relaxation oscillator to work properly. The hysteresis circuit was
implemented with nine stacked diode-connected bipolar devices
biased with a copy of the PTAT current so as to produce the voltages
VH and VL, at 37 ◦C, of 6 and 3.5 V, respectively. The hysteresis was
made inversely proportional to the absolute temperature (CTAT) to
increase the circuit responsivity with respect to the period.

2.2. Microfabrication on silicon substrate

The cofabrication of MEMS  and CMOS on a single silicon

substrate is typically adverse in terms of costs. This problem exac-
erbates in more advanced CMOS technologies due to the increased
number of masks and processing steps required. For instance,
adding high-performance vertical bipolar devices to a standard

B
v
t
q

3

sor: a PTAT generator and a relaxation oscillator.

.18 �m CMOS technology can add up to 10–20 extra photolitho-
raphic masks and increase the costs by 20–30% [26].

Using a simpler CMOS process with fewer photomasks and pro-
ess steps is more attractive. Our in-house CMOS process comprises
even photomasks which yields a more cost-effective solution
Fig. 3a–h) while offering a holistic CMOS-MEMS co-design. The
ofabrication procedure uses a MEMS-last processing strategy [27].
n this approach, the MEMS  structures are fabricated by deposit-
ng and micromachining CMOS-compatible materials on top of the
abricated CMOS electronics.

.3. CMOS fabrication

A double-polished p-type silicon wafer with 〈100〉 of crystal-
ographic orientation and 5 � cm of resistivity is used to start the
lignment layer (zero layer) definition. A 2-�m thickness of p-type
pitaxial layer was grown on the top of the silicon wafer with
.0e16 ions/cm3 of boron doping in order to obtain a precise p-
opant concentration required to include NPN bipolar transistors

n the CMOS process.
A 20-nm barrier was formed using wet oxidation to screen co-

mplanted particles. The n-well and the collector area of the NPN
ipolar transistor are patterned using the first photomask (Fig. 3a)
ith a 3.1 �m of photoresist thickness. A 5e12-dose of phosporus

mplantation at 150 keV of energy is followed by 415 min  of anneal-
ng for doping redistribution. A 230-nm of oxide is created as a
esult. An oxide stripping is performed using a buffered hydroflu-
ric acid (BHF) solution with 1:7 of selectivity. Another dirt barrier
xide layer is grown to process the subsequent steps.

The second photomask is used to define the n-type diffusion
reas for the CMOS transistors and the emitter area for the bipo-
ar transistors (Fig. 3b) using 5.0e15 ions/cm3 dose of arsenic at
0.0 keV of energy. The third photomask defines the p-type diffu-
ion areas for the CMOS as well as the base area of the bipolars
Fig. 3c) using 4.0e14 ions/cm3 of boron at 20.0 keV of energy. An
ptimal dose implantation should be investigated here due to the
rade-off between the intrinsic current gain of the NPN bipolar
evices and the current drive capacity of the PMOS devices.

Next, a threshold voltage adjustment is carried out using a net
ose of 20e11 ions/cm3 at 25.0 keV in the fourth quadrant of the
afer. Subsequently, the dirt barrier oxide is removed using a 1:7
HF solution, followed by 9 min  of wet oxidation for dopant acti-
ation and to create the 100-nm of gate oxide. After this step, the
hreshold voltages for the nMOS and pMOS transistors, in the fourth
uadrant, are set to about 2.0 V and −2.5 V, respectively.
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or the smart sensor device on the Cytostretch platform. Not to scale.

F

3

i
s

c
w
m
r
c
p

3

m
t
1
w
t

c
i

Fig. 3. Fabrication steps in a custom CMOS-MEMS technology f

In the next step (fourth mask), the contact openings are pat-
terned and wet-etched with a 1:7 BHF solution (Fig. 3d). The
interconnects and the gate material are created by sputtering
200 nm of AlSi (1%) and patterning with the fifth photomask
(Fig. 3e). The 1% of silicon composition in the aluminum avoids
spikes in the shallow metal-diffusion interfaces. The process
follows with a deposition of 2-�m of SiO2 using PECVD (plasma-
enhanced chemical vapour deposition) at the frontside of the wafer
to create at the same time the MIM  (metal-insulator-metal) capaci-
tor dielectrics and the stopping mask for the DRIE (deep reactive ion
etching) step that defines the PDMS membrane area. To share this
process step, a clear trade-off is to be made in the co-design phase.
Ideally, the thinner the dielectric of the MIM  capacitor the bigger
the capacitance, thus, the higher the total capacitance per area. This
results in a more area-saving solution. On the other hand, enough
oxide thickness headroom should be provided in the DRIE step to
ensure a reliable hard mask landing. As a consequence, during the
co-design phase, a bigger silicon area has been granted to the MIM
capacitor given a minimum of 2-�m thickness of SiO2 to be used.

The vias are opened using plasma etching after patterning the
sixth photomask (Fig. 3f) with photoresist. The second metalliza-
tion (Fig. 3g) uses a 3.1-�m thickness of sputtered AlSi (1%). This
step simultaneously patterns the second level of interconnects of
the smart sensor together with the contact pads and the electri-
cal interconnects outside the membrane area of the Cytostrech
(Fig. 3h).

2.4. MEMS  bulk micromaching

Following the last step of the smart sensor microfabrication
(Fig. 3h), a 5-�m PECVD SiO2 is deposited on the backside of the
wafer to prepare the substrate for the DRIE step. The Cytostretch
membrane area is then patterned on the same backside by dry etch-
ing (Fig. 3j). Subsequently, a 15-�m-thick PDMS layer is spun onto
the front of the wafer at 3500 rpm for 30 s and cured for 1 h at 90 ◦C
(Fig. 3j). Next, 300 nm of AlSi (1%) is sputtered at room temperature
on top of the PDMS film created. The Al is masked with 4 �m of pho-
toresist (PR) (AZ ECI 3027) and dry-etched (Fig. 3k). The lithography
and etching processes used are optimized to circumvent issues
caused by the difference between the expansion coefficients of the
PDMS and the PR. Besides serving as a hard mask to later expose
the electrical contacts, the Al layer reduces the effects of the differ-
ences in expansion coefficients by acting as a buffer layer between
the PDMS and the PR.

Subsequently, the membrane is released removing the Si
and the SiO2 layers from underneath the membrane using

DRIE and BHF, respectively (Fig. 3l). Finally, an etch mixture of
phosporic/acetic/nitric acid (PES 77-19-04) is used to remove the
aluminium on the top of PDMS and make the membrane fully trans-
parent. This does not remove the Si from the AlSi (1%), though.

t
w

w

4

ig. 4. Smart temperature sensor monolithically integrated on the Cytostretch chip.

. Experimental

The microfabricated device is shown in Fig. 4. The total chip size
s 7 × 7 mm2 and less than 15% of this area was used for the smart
ensor.

Static and dynamic response measurements were carried out to
haracterize the sensor’s performance. The resolution and linearity
ere extracted by means of a series of static response measure-
ents in which the temperature was maintained constant with

espect to time. The dynamic response measurement was used to
haracterize the sensor’s response speed by applying a brief tem-
erature pulse by means of a pre-heated PBS solution.

.1. Static response: dry measurements

The static response measurements were carried out with a
icroprobe station which includes a thermal chuck to sweep the

emperature of the wafer over the desired range. A commercial PT-
00 temperature sensor was attached to the thermal chuck to set a
ell-calibrated reference and the 4-point probes method was  used

o measure its resistance changes.
A temperature sweep from 25 to 100 ◦C with 5 ◦C increment was

arried out in order to measure the responsivity and the nonlinear-
ty of the temperature-to-time conversion. The responsivity and

he maximum nonlinearity error obtained from this measurement
as 57.1 ns/◦C and 0.26%, respectively (Fig. 5).

A temperature measurement over a shorter range (30–40 ◦C
ith 1 ◦C increment) was also performed in order to characterize
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Fig. 5. Temperature-to-time conversion of the smart temperature sensor. The least-
squares polynomial regression reveals a 57.1 ns/◦C of responsivity.

Fig. 7. Different time constants involved on the heat transfer of the system.
Time constant �1 happens between the medium and the ambient temperature, �2

between the medium and the silicon lattice and, �3, between the silicon and the
sensor.
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t
silicon-based OOC devices for real-time in situ temperature mea-
Fig. 6. Cytostrech chips mounted on a PCB containing wells for cell culture experi-
ments.

the sensor’s linearity within a temperature span that is closer to the
cell culture application. A simple linear regression of the data over
this temperature range reveals a 99.988% fit with the linear model.
Hence, a 0.05% of maximum nonlinearity error was  found over this
range.

The jitter is a measure of the deviation of the periodic signal from
its true periodicity and it affects the resolution that the sensor can
achieve. The total root mean square (rms) jitter was  measured at
37 ◦C for more than 50,000 samples and is equal to 2.78 ns. The
sensor’s resolution (R) is calculated as the ratio of the jitter for 3�
and the responsivity, and equals:

R = 3 × 2.78 ns
57.1 ns/◦C

= 0.15 ◦C(3�), (2)

3.2. Dynamic response: wet measurements

To measure the sensor’s dynamic response, the wafers were
diced and four different dice were assembled on a semi-flexible
PCB containing four different wells intended for cell culture exper-
imentation (Fig. 6).

The measurements were initiated with the ambient temper-
ature at 28 ◦C (±0.5 ◦C) and after approximately 15 s the wells
were filled with 0.4 ml  of PBS (Phosphate-buffered saline) solution
pre-heated to a temperature of 32 ◦C. Here, three different time
constants are involved in the heat transfer exchange (Fig. 7): (1)
the time constant associated with the convection-cooling mecha-
nisms between the medium and the ambient temperature (�1), (2)
associated with the thermal conduction happening at the interface

between the medium bulk and the silicon crystal lattice (�2), (3)
and associated with the intrinsic delay between the silicon lattice
and the sensor itself (�3).

s
b
t

5

Fig. 8. Dynamic response of the sensor to a brief temperature pulse.

The result of this measurement is plotted in Fig. 8 for ten dif-
erent measurements (dark green lines) taken at different times

ithin a day. The pink line on this curve indicates the mean value
alculated for these 10 samples, whereas the shaded light green
egions encompasses the ±3� confidence level around the mean.

An exponential curve is also fitted on the data to indicate the
endency of the samples. From this curve, the time constant associ-
ted with the heat loss between the medium and the ambient (�1)
as been extracted and it is roughly 50 seconds. The cumulative
ime constant (�2 + �3) associated with thermal conduction in the
ilicon and the sensor’s response has also been derived from the
lope in the curve around t = 15 s, and it is on average 1.5 s.

The ratio of the thermal resistances due to conduction between
he medium and the silicon surface compared to the thermal resis-
ance due to the heat loss mechanisms give an indication of the Biot
umber. This dimensionless quantity was  calculated to be about
.03 and it implies that the heat conduction inside the body is much
aster than the heat convection away from its surface, and temper-
ture gradients are negligible inside of it. Having a Biot number
maller than 0.1 labels a substance as “thermally thin”, and tem-
erature can be assumed to be constant throughout the material’s
olume.

. Results and discussion

The results presented in the previous section demonstrate
he capability of monolithically integrating CMOS functionality in
urements of the cell culture. Our in-house CMOS technology has
een used as a research tool for the proof of concept. This has been
he first step to realize OOCs with integrated CMOS functional-
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ity for multi-sensing many other different physical quantities (pH,
glucose, glutamate, growth factors, etc.) in the cell culture. As the
number of sensors in the platform increases, more correlations can
be performed for stoichiometric optimizations of the culture.

Previous literature has extensively used commercial sensors for
this purpose, which are not compact, not scalable and do not allow
for high density multi-sensing integration.

We expect that the use of more advanced CMOS technologi-
cal nodes can enable very large scale of multi-sensing integration
and actuation in a closed-loop system. To that end, the sensors
shall yield the necessary accuracy and respond fast enough for the
application.

For instance, the results obtained with the dynamic response
measurements indicate that the sensor’s response (≈1.5 s) is much
faster than the time it takes to elapse one time constant (≈50 s) of
the convection-cooling mechanism. In this case, the sensor could
be incorporated in a closed-loop configuration with local heaters
to keep the in situ temperature as close as possible to its reference
for the maximum time when outside the incubator.

In addition, the curve obtained from the cooling mechanism
indicates that the rate of heat loss in the medium where the cells
are cultured tends to follow an exponential decay and it is pro-
portional to the temperature difference between the medium and
its surroundings. Such result is also a relevant information to the
biologists during the time the culture is outside the incubator for
inspection.

With respect to the results found in the static measurements,
the sensor’s resolution (0.15 ◦C and linearity suggest that the sensor
can potentially monitor temperature increments of the culture that
could give an indication of the metabolic growth rate as a result of
the heat dissipated due to enthalpy changes [28].

It is important to notice that the sensor’s circuit design is
not optimized for best performance. Therefore, circuit improve-
ments can be made to achieve better resolution or responsitivity,
if needed. Regarding the microfabrication challenges, care must
be taken when processing materials such as PDMS. After etch-
ing, residues may  still remain at the surface which can hamper
further system-level integration processes such as wire bonding.
Non-selective over-etching, on the other hand, might partially or
completely remove the materials beneath. Hence, process opti-
mization during the etching phases is of paramount importance
for the reliability and reproducibility of the end product.

5. Conclusions

Cell cultures are maintained at an appropriate temperature and
gas mixture inside a cell incubator. Because the in situ culture condi-
tions may  vary, especially when the culture is outside the incubator,
it is advantageous to construct OOCs that are equipped with sen-
sors that can accurately measure in real-time the in situ conditions
of the cells.

In this work, we investigated the monolithic integration of a
CMOS smart temperature sensor in our MEMS  OOC device. By com-
bining CMOS and MEMS  technology monolithically, it is possible
to create OOCs to accommodate the cells over different MEMS
structures while integrating high-density CMOS electronics for very
compact systems that can measure in situ physical quantities in the
culture medium.

The CMOS-MEMS cofabrication method used here yielded, for
the first time, an OOC device with integrated CMOS sensing func-
tionality for a real-time in situ temperature measurement of the cell

culture. Our in-house CMOS technology has been used as a research
tool for the proof of concept.

Moreover, as a result of sharing common process steps and by
minimizing the number of CMOS masks used, a more cost-effective

6

Sensors and Actuators A 317 (2021) 112439

nd scalable solution is obtained. In order to meet specific require-
ents of both technologies, a holistic co-design phase has been

ollowed so the trade-offs between circuit performance and micro-
aching reliability are taken into consideration.

Measurement results of our smart temperature sensor indicate
hat temperature increments of 0.2 ◦C can be accurately monitored.
his could potentially be used to give an indication of the metabolic
rowth rate when the culture is inside the incubator. The sensor’s
ime response found was  approximately 1.5 s which is much faster
han the time it takes for the temperature of a 0.4 ml  medium to
rop by 1 ◦C.

This work is the first step towards constructing OOCs with inte-
rated CMOS electronics for multi-sensing relevant information in
he cell culture (O2, CO2, pH, glucose, glutamate, grow factors, etc.).
t is expected that the use of more advanced CMOS nodes may
nable powerful OOCs with a very large degree of multi-sensing
ntegration and actuation in a closed-loop system manner.

uthors’ contribution

Ronaldo Martins da Ponte: main investigator, writing – original
raft preparation, conceptualization, methodology, measurements,

ormal analysis, data curation, visualization, funding acquisition.
ikolas Gaio: conceptualization, resources, methodology support,

eviewing original draft. Henk van Zeijl: methodology support,
esources, reviewing original draft. Sten Vollebregt: methodol-
gy support, resources, measurement support, reviewing original
raft. Paul Dijkstra: resources. Ronald Dekker: conceptualization,
esources, project administration. Wouter A. Serdjin: concep-
ualization, supervision, resources, funding acquisition, project
dministration, reviewing original draft. Vasiliki Giagka: concep-
ualization, supervision, resources, funding acquisition, project
dministration, reviewing original draft.

onflicts of interest

There are no conflicts to declare.

cknowledgments

This work was supported by the National Council for Scientific
nd Technological Development (CNPq), Brazil. Part of the work
hat is discussed in this article was  also conducted under the ECSEL-
2-2014 program InForMed, grant number: 2014-2-662155. The
uthors would like to thank Massimo Mastrangeli from TU Delft
nd Virgilio Valente, now in Ryerson University, for the support and
ruitful discussions about OOCs. Niels Rijkers of Philips, Eindhoven,
or his help on the microsystem integration of the Cytostretch sam-
les. Loek Steenweg of EKL optimized the parameters for dicing the
afers. William Quirós-Solano and Bruno Morana from TU Delft

upplied the OOC wells for integration and the four-terminal sens-
ng gear for measurement, respectively. Lukasz Pakula helped with
he setup configuration for automatic measurements.

eferences

[1] A. Balijepalli, V. Sivaramakrishan, Organs-on-chips: research and commercial
perspectives, Drug Discov. Today 22 (2) (2017) 397–403, ISSN 1359-6446.

[2] E. Dehne, T. Hasenberg, U. Marx, The ascendance of microphysiological
systems to solve the drug testing dilemma, Future Sci. OA 3 (3) (2017) FSO185.

[3] N. Franzen, W.H. van Harten, V.P. Retèl, P. Loskill, J. van den Eijnden-van Raaij,
M.  IJzerman, Impact of organ-on-a-chip technology on pharmaceutical r&d

costs, Drug Discov. Today 24 (9) (2019) 1720–1724, ISSN 1359-6446.

[4] E. Jastrzebska, E. Tomecka, I. Jesion, Heart-on-a-chip based on stem cell
biology, Biosens. Bioelectron. 75 (2016) 67–81.

[5] S.S. Bale, L. Vernetti, N. Senutovitch, R. Jindal, M.  Hegde, A. Gough, W.J.
McCarty, A. Bakan, A. Bhushan, T.Y. Shun, I. Golberg, R. DeBiasio, O.B. Usta, D.L.

http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0005
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0005
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0005
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0005
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0005
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0005
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0005
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0005
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0005
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0005
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0005
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0005
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0005
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0005
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0005
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0005
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0005
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0005
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0005
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0005
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0010
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0015
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0020
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0020
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0020
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0020
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0020
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0020
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0020
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0020
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0020
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0020
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0020
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0020
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0020
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0020
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0020
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0020
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0020
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0020
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0020
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025


[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

B

R
o
h
N
g
I

N
t
o
H
A
i

D
w
U
r
i
t
g
T

S
U
E
m
m
m
b
p

P
v
a
m
i
a
p

R
v
P
f
e
m
D
l

W
n
p
t
s
p
t
a
S
∼
V
f
A
L
Delft University of Technology, Netherlands and Head of the Technologies for Bio-
electronics research group, at Fraunhofer IZM Institute, Berlin, Germany. He research
R.M. da Ponte, N. Gaio, H. van Zeijl et al. 

Taylor, M.L. Yarmush, In vitro platforms for evaluating liver toxicity, Exp. Biol.
Med. 239 (9) (2014) 1180–1191.

[6] S. Cho, A. Islas-Robles, A. Nicolini, T. Monks, J.-Y. Yoon, In situ, dual-mode
monitoring of organ-on-a-chip with smartphone-based fluorescence
microscope, Biosens. Bioelectron. 86 (2016) 697–705.

[7] D. Huh, B.D. Matthews, A. Mammoto, M.  Montoya-Zavala, H.Y. Hsin, D.E.
Ingber, Reconstituting organ-level lung functions on a chip, Science 328
(5986) (2010) 1662–1668.

[8] D. Wlodkowic, J. Cooper, Tumors on chips: oncology meets microfluidics,
Curr. Opin. Chem. Biol. 14 (5) (2010) 556–567.

[9] E. Verpoorte, N.F. De Rooij, Microfluidics meets mems,  Proc. IEEE 91 (6)
(2003) 930–953.

10] B. Senevirathna, S. Lu, M.  Dandin, J. Basile, E. Smela, P. Abshire, High
resolution monitoring of chemotherapeutic agent potency in cancer cells
using a cmos capacitance biosensor, Biosens. Bioelectron. (2019) 142.

11] S. Miyamoto, A. Ohashi, J. Kimura, T. Akaike, Development of ccd-based direct
observation equipment for biological samples, Biosens. Bioelectron. 11 (1–2)
(1996) 81–90.

12] D. Kattipparambil Rajan, J. Verho, J. Kreutzer, H. Välimäki, H. Ihalainen, J.
Lekkala, M.  Patrikoski, S. Miettinen, Monitoring ph, temperature and
humidity in long-term stem cell culture in co2incubator., 2017 IEEE
International Symposium on Medical Measurements and Applications
(MeMeA) (2017) 470–474.

13] T. Neutelings, C.A. Lambert, B.V. Nusgens, A.C. Colige, Effects of mild cold
shock (25 ◦c) followed by warming up at 37 ◦c on the cellular stress response,
PLOS ONE 8 (2013) 7.

14] S. Becerra, J. Berrios, N. Osses, C. Altamirano, Exploring the effect of mild
hypothermia on cho cell productivity, Biochem. Eng. J. 60 (2012) 1–8, ISSN
1369-703X.

15] Y.G. Shellman, D. Ribble, M.  Yi, T. Pacheco, M.  Hensley, D. Finch, F. Kreith, R.L.
Mahajan, D.A. Norris, Fast response temperature measurement and highly
reproducible heating methods for 96-well plates, BioTechniques 36 (6) (2004)
968–976.

16] M.  Reichen, F.S. Veraitch, N. Szita, Development of a multiplexed microfluidic
platform for the automated cultivation of embryonic stem cells, J. Lab. Autom.
18 (6) (2013) 519–529.

17] C. Li, J. Sun, Q. Wang, W.  Zhang, N. Gu, Wireless thermometry for real-time
temperature recording on thousand-cell level, IEEE Trans. Biomed. Eng. 66 (1)
(2019) 23–29.

18] F. Gillot, F.O. Morin, H.F. Arata, R. Guégan, H. Tanaka, H. Fujita, On-chip
thermal calibration with 8 cb liquid crystal of micro-thermal device, Lab Chip
7  (2007) 1600–1602.

19] J. Qiao, X. Mu,  L. Qi, Construction of fluorescent polymeric
nano-thermometers for intracellular temperature imaging: a review, Biosens.
Bioelectron. 85 (2016) 403–413, ISSN 0956-5663.

20] I.V. Larina, K.V. Larin, R.O. Esenaliev, Real-time optoacoustic monitoring of
temperature in tissues, J. Phys. D: Appl. Phys. 38 (15) (2005) 2633–2639.

21] S. Lee, S. Kang, Integrated optical molecular imaging system for
four-dimensional real-time detection in living single cells, Biosens.
Bioelectron. 31 (1) (2012) 393–398.

22] H. van Zeijl, L. Nanver, A low-cost bicmos process with metal gates, MRS  Proc.
611 (2000), C7.2.1.

23] R. Ponte, V. Giagka, W.A. Serdijn, Design and custom fabrication of a smart
temperature sensor for an organ-on-a-chip platform, 2018 IEEE Biomedical
Circuits and Systems Conference (BioCAS) (2018) 1–4.

24] S.K. Pakazad, A. Savov, A. van de Stolpe, R. Dekker, A novel stretchable
micro-electrode array (SMEA) design for directional stretching of cells, J.
Micromechan. Microeng. 24 (3) (2014) 034003.

25] N. Gaio, B. van Meer, W.  Quirós Solano, L. Bergers, A. van de Stolpe, C.
Mummery, P.M. Sarro, R. Dekker, Cytostretch, an organ-on-chip platform,
Micromachines 7 (7) (2016).

26] S. Franssila, Introduction to Microfabrication, John Wiley and Sons, Ltd, 2010,
pp. 271–282 (Chapter 22) ISBN 9781119990413.

27] A.C. Fischer, F. Forsberg, M.  Lapisa, S.J. Bleiker, G. Stemme, N. Roxhed, F.
Niklaus, Integrating MEMS  and ICs, Microsyst. Nanoeng. 1 (2015) 15005.

28] Y.H. Guan, R. Kemp, On-line heat flux measurements improve the culture
medium for the growth and productivity of genetically engineered cho cells,

Cytotechnology 30 (8) (1999) 107–120, http://dx.doi.org/10.1023/
A:1008038515285.

29] N. Dhiman, P. Kingshott, H. Sumer, C. Sharma, S. Rath, On-chip anticancer
drug screening – recent progress in microfluidic platforms to address
challenges in chemotherapy, Biosens. Bioelectron. 137 (2019) 236–254.

f
I
E

7

Sensors and Actuators A 317 (2021) 112439

iographies

onaldo Martins da Ponte received his M.Sc. degree from the Federal University
f Santa Catarina, Florianópolis, Brazil, in 2015. He is currently working toward
is Ph.D. degree at the Section Bioelectronics, Delft University of Technology, The
etherlands. His research interests include the MEMS-CMOS integration for opto-
enetic brain interfaces and lab-on-CMOS devices. He is a Student Member of the
EEE.

ikolas Gaio received the M.Sc. (cum laude) in Biomedical Engineering in 2015 and
he  Ph.D. degree, in 2019 from Delft University of Technology, Netherlands. His areas
f  interests include Organ-on-Chip, stretchable electronics and microfluidic devices.
e  received the Best Student Paper Award at the 2015 IEEE Sensors, the public Poster
ward at the ICT Open Conference in 2016, and the Lush Prize (Young Researcher)

n  2018. He is the founder and CTO of BIOND Solutions B.V.

r.  Ing. H.W. van Zeijl (1958) studied physics at the Technical College in Rijswijk
here he received the engineers diploma in 1980. In that year he joined the Delft
niversity of Technology (TUD) where he cooperated in different research project

elated to radiation physics, Lithography, IC-technology, MEMs,  packaging and 3D
ntegration. In 2005 he received a Ph.D. degree from TUD. He developed several
echnology courses and lectures. Currently he is scientific director of the Chip Inte-
ration Technology Centre (CITC) in Nijmegen (the Netherlands) and employed at
UD. He is a (co-) author of more than 80 papers and several patents.

ten Vollebregt received his M.Sc. in ’09 (cum laude) and Ph.D. in ’14 from Delft
niversity of Technology. He currently is an assistant professor in the Laboratory of
lectronic Components, Technology and Materials in the Microelectronics Depart-
ent of the Delft University of Technology. His focus is on the integration of novel
aterials, like carbon nanotubes, graphene and wide-bandgap semiconductor, in
icroelectronics and microsystems for sensor applications. He  is a senior IEEE mem-

er  and has co-authored over 30 journal publications, 4 book chapters and holds 3
atents.

aul Dijkstra received the M.S. degree in Chemical engineering from Eindhoven Uni-
ersity of Technology, Eindhoven, The Netherlands in 1992. Currently he is working
s Principal Architect Micro Assembly at Philips Innovation Services in the depart-
ent MEMS & Micro Devices. He  has 25 years of experience in assembly technologies

n the field of electronic package innovation and micro device assembly. Main focus
t  this moment is on the development of new emerging applications in areas like
hotonics, in and on body devices, Microfluidics and MEMS packages.

onald Dekker received his M.Sc. in Electrical Engineering from the Technical Uni-
ersity of Eindhoven and his Ph.D. from the Technical University of Delft. He joined
hilips Research in 1988 where he worked on the development of RF technologies
or  mobile communication. Since 2000 his focus shifted to the integration of complex
lectronic sensor functionality on the tip of the smallest minimal invasive instru-
ents. In 2007 he was appointed part time professor at the Technical University of
elft with a focus on Organ-on-Chip and bioelectronics medicines. He published in

eading journals and conferences and holds in excess of 70 patents.

outer A. Serdijn is a full professor in bioelectronics at Delft University of Tech-
ology, where he heads the Section Bioelectronics, and a Medical-Delta honorary
rofessor at both Delft University of Technology and the Erasmus Medical Cen-
er, Rotterdam. His research interests include integrated biomedical circuits and
ystems for wearable, injectable and implantable medical devices, such as cardiac
acemakers, cochlear implants, neurostimulators, bioelectronic medicine and elec-
roceuticals. Wouter A. Serdijn is an IEEE Fellow, an IEEE Distinguished Lecturer and

 mentor of the IEEE. In 2016, he received the IEEE Circuits and Systems Meritorious
ervice Award. More information can be found at: http://bioelectronics.tudelft.nl/
wout.

asiliki Giagka received the M.Eng. degree in electronic and computer engineering
rom the Aristotle University of Thessaloniki, Greece, in 2009, and the Ph.D. degree in
nalogue and Biomedical Electronics and Implanted Devices from University College
ondon, U.K. in 2014. She is currently Assistant Professor in the Bioelectronics Group,
ocuses on the design and fabrication of active neural interfaces. She serves on the
EEE Circuits and Systems Society BioCAS Technical Committee, and as Associate
ditor for Bioelectronic Medicine journal.

http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0025
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0030
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0035
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0040
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0040
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0040
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0040
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0040
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0040
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0040
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0040
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0040
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0040
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0040
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0040
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0040
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0040
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0040
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0040
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0040
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0040
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0040
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0040
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0045
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0045
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0045
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0045
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0045
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0045
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0045
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0045
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0045
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0045
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0045
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0045
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0045
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0045
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0045
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0045
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0050
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0055
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0060
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0065
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0070
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0075
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0080
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0085
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0090
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0095
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0100
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0105
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0110
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0110
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0110
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0110
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0110
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0110
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0110
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0110
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0110
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0110
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0110
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0110
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0110
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0110
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0110
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0110
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0110
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0115
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0120
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0125
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0130
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0130
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0130
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0130
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0130
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0130
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0130
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0130
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0130
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0130
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0130
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0130
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0130
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0130
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0130
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0130
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0130
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0130
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0130
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0135
dx.doi.org/10.1023/A:1008038515285
dx.doi.org/10.1023/A:1008038515285
dx.doi.org/10.1023/A:1008038515285
dx.doi.org/10.1023/A:1008038515285
dx.doi.org/10.1023/A:1008038515285
dx.doi.org/10.1023/A:1008038515285
dx.doi.org/10.1023/A:1008038515285
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://refhub.elsevier.com/S0924-4247(20)31755-6/sbref0145
http://bioelectronics.tudelft.nl/~wout
http://bioelectronics.tudelft.nl/~wout
http://bioelectronics.tudelft.nl/~wout
http://bioelectronics.tudelft.nl/~wout
http://bioelectronics.tudelft.nl/~wout

	Monolithic integration of a smart temperature sensor on a modular silicon-based organ-on-a-chip device
	1 Introduction
	2 Materials and methods
	2.1 The smart temperature sensing module
	2.1.1 PTAT generator
	2.1.2 Relaxation oscillator

	2.2 Microfabrication on silicon substrate
	2.3 CMOS fabrication
	2.4 MEMS bulk micromaching

	3 Experimental
	3.1 Static response: dry measurements
	3.2 Dynamic response: wet measurements

	4 Results and discussion
	5 Conclusions
	Authors contribution
	Conflicts of interest
	Acknowledgments
	References

	Biographies

