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3D active-matrix multimodal sensor arrays for
independent detection of pressure and temperature

Youngmin Jo't, Youngoh Lee?, Jimin Kwon?, Seongju Kim*, Gyungin Ryu*, Soyoung Yun?,

Sanghoon Baek**$, Hyunhyub Ko?*, Sungjune Jung**

Pressure and temperature sensing simultaneously and independently is crucial for creating electronic skin that
replicates complex sensory functions of human skin. Thin-film transistor (TFT) arrays with sensors have enabled
cross-talk-free spatial sensing. However, the thermal dependence of charge transport in semiconductors has re-
sulted in interference between thermal and pressure stimuli. We develop multimodal sensor arrays based on
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three-dimensional integration of an active matrix to detect temperature and pressure independently. Our ap-
proach includes a calibrated compensation to decouple temperature and pressure signals. An individual pixel de-
vice consists of a TFT-based pressure sensor layered above a TFT-based temperature sensor. The detected
temperature is used to compensate for the thermal effect on TFT-based pressure sensors. We develop large-area
sensor arrays to enable accurate detection of two-dimensional pressure and temperature, leveraging these tech-
nologies to demonstrate advanced robotic grippers. The grippers stably grasp and lift a cup regardless of tem-

perature, proving their possibility in skin-like electronic applications.

INTRODUCTION

The cutaneous sensation of mechanical and thermal stimuli is essen-
tial for perceiving and interacting with the world (I). Taking inspira-
tion from the vital function of human skin, flexible sensors have
been extensively investigated to detect external multistimuli in vari-
ous environments, including nonflat surfaces and shape-changing
objects (2-5). Because of their wide applicability, they have shown
great potential in electronic skin applications such as health care
monitoring, prostheses, and robotics (6-10). Mimicking the com-
plex sensory system of human skin, flexible multimodal sensors that
can detect multiple stimuli have also emerged to provide more com-
prehensive and valuable information (11-13). Their multimodality
was achieved either by the integration of independent sensors or the
utilization of multistimuli responsive materials (14, 15).

In multimodal sensors, it is essential to distinguish signals in the
presence of multiple stimuli to ensure an accurate and undistorted
output (16). Attempts have been made to minimize such interference
issues. Various strategies have been suggested depending on the
multi-sensing mechanism, including calibrated compensation, inte-
grating sensing units with high selectivity, intrinsically decoupled
sensing parameters, and different response times (17-24). To ad-
vance multimodal sensors as more practical alternatives to real skin,
it is highly desirable for the sensors to detect multiple tactile stimuli
over a large area, even spatially. However, this signal discrimination
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is usually limited to a single device. Most multimodal sensor arrays
are based on passive-matrix architectures, which are vulnerable to
cross-talk between pixels. A signal transmitted to one pixel device
still unintentionally affects other pixel devices.

Adopting thin-film transistors (TFTs) as switching components
in a pixel device has attracted enormous attention for high-
performance two-dimensional (2D) detection of stimuli. Originat-
ing in the display industry (25), active-matrix architectures based
on TFTs offer distinct advantages such as low power consumption
and minimal crosstalk (26-33). To achieve a reliable performance of
the active-matrix sensor arrays, it is crucial that the electrical cur-
rent of the TFTs remains unaffected by the variation of nontarget
stimuli. For example, in the pressure-sensing active-matrix sensor,
TFTs are required to be insensitive to temperature fluctuations.
However, TFTs, regardless of semiconductor materials and types
used, generally display temperature-dependent charge transport be-
haviors, which can be elucidated by various models, such as band-
like transport, multiple trap and release, variable range hopping,
and charged-impurity scattering (34-37). As a result, because of the
intrinsic properties of transistors, most active matrix sensing arrays
experience signal distortion when exposed to temperature varia-
tions, limiting their effectiveness and demonstrations in room tem-
perature environments (38, 39). Here, we introduce for the first time
the monolithic and 3D transistor-on-transistor active-matrix struc-
ture to develop 3D-integrated multimodal sensor arrays for detect-
ing pressure and temperature with stimulus discriminability. For the
multimodal sensing in a single pixel, we monolithically integrate a
TFT array on top of another array to form 3D stacked active-matrix
arrays. On the top TFT array, a large-area piezoresistive sheet is in-
tegrated to achieve a TFT-based pressure sensor array operating be-
tween 0 and 20 kPa. The intrinsic temperature dependence of the
semiconductor in bottom TFTs is exploited to detect temperatures
between 25° and 50°C. The monolithic 3D integration of the TFTs
enables temperature measurement that can correct distortions in
the pressure signal caused by the intrinsic thermal response of semi-
conductors or the integrated piezoresistive sheet. To eliminate the
undesirable thermal effects, we develop a calibrated compensation
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method by using the linear temperature sensitivity of the measured
temperature information. With the compensation, the multimodal
3D sensor arrays achieve accurate mappings of pressure and tem-
perature independently. Last, a robotic gripper with the 3D sensor
array is demonstrated to successfully grasp and lift both room tem-
perature and hot cups. The developed device suggests a new direc-
tion for the next-generation skin-like electronics through 3D
integration of multiple active-matrix sensors.

RESULTS

Design and fabrication of the multimodal 3D sensor array
The multimodal 3D sensor array consists of a large-area piezore-
sistive sheet and two monolithically stacked active-matrix layers
fabricated on an ultrathin film (Fig. 1, A and B). Each pixel de-
vice in the multimodal 3D sensor has a vertical configuration of
a one-transistor-one-resistor (1T-1R) pressure (P) sensor on top
of a one-transistor temperature (T) sensor (Fig. 1C). Figure 1D
presents the circuit representation of the 3D sensor pixel device,
where the drain currents of the bottom and top TFTs are modu-
lated by temperature and pressure, respectively. For the array
demonstration, each drain electrode was connected to its corre-
sponding bit line, while the source electrodes were connected to
the ground. The gate electrode was shared between the top and
bottom devices, allowing for data reading in the matrix with only
a single word line. The electric current of the 3D sensors is used
as a variable to quantify the stimulus intensity. The detection of
pressure is enabled by a piezoresistive sheet with interlocked
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microdome structures (Fig. 1E). When a pressure load is applied,
the interlocked microstructure of the piezoresistive sheets de-
forms. The deformation decreases the resistance of the sheet,
which, in turn, increases the current of the 1T-1R pressure sen-
sor (40, 41). Without additional components, the bottom tran-
sistors are used as pressure-insensitive temperature sensors by
exploiting the intrinsic temperature dependence of the organic semi-
conductor. For temperature sensing, poly[2,5-(2-octyldodecyl)-
3,6-diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno
[3,2-b]thiophene)] (DPP-DTT) was used as a conjugated poly-
mer channel layer of the bottom TFTs, which exhibited temperature-
dependent charge transport (42). However, this intrinsic characteristic
causes undesirable temperature-dependent output signals from
the top pressure sensors. This issue typically occurs with TFT-
based sensors, where the charge transport behavior of either
semiconductors or integrated sensing components is thermally
dependent. To eliminate these undesired effects on the top TFT-
based pressure sensor, we use a calibrated compensation method
that uses the vertically aligned configuration of TFTs (Fig. 1F).
This method compensates for the electric current (Ip) of the
pressure sensor by using the temperature information derived
from the electric current of the temperature sensor directly be-
low the pressure sensor, regardless of temperature. Therefore,
the multimodal 3D sensors provide temperature-independent
output signals, which enable simultaneous and independent de-
tection of pressure and temperature.

The monolithic 3D integration of TFTs is key to simultaneous
multistimuli detection. To realize the multimodal 3D sensors, the
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Fig. 1. Design of the multimodal 3D sensor arrays. (A) 3D schematic of the 10-by-10 multimodal 3D sensor array consisting of a pressure-sensing active-matrix and a
temperature-sensing active-matrix. (B) Photograph of the 10-by-10 3D stacked active-matrix fabricated on an ultrathin substrate. Scale bar, 1 cm. (C) Schematic cross-
sectional view and (D) circuit of the multimodal 3D sensor. (E) Scanning electron microscopy images of rtGO/PVDF microdome structures. Scale bar, 25 pm. Inset: A single
microdome structure. Scale bar, 5 pm. (F) Optical microscopy images of the semiconductor areas before (left) and after (right) the 3D stacking process. Scale bar, 800 pm.
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fabrication process of 3D stacked TFTs was assisted by sophisticated
printing design rules. Furthermore, the entire process was conduct-
ed under 120°C to minimize thermal damage to the bottom
TFT. First, the source and drain (S/D) electrodes were inkjet-printed
on a parylene-coated glass substrate, and a p-type organic semicon-
ductor ink was patterned using a pneumatic nozzle printer. Here, a
conjugated polymer semiconductor was used for temperature sens-
ing without any additional components, such as thermistors, which
simplified the fabrication process of TFT-based temperature sen-
sors. Next, a parylene gate dielectric layer was deposited due to its
high resistance to organic solvents. The gate electrodes were then
inkjet-printed. The gate electrodes were used to control both top
and bottom TFTs. The common-gate structure led to fewer fabrica-
tion processes and a simpler interconnect design. After the comple-
tion of the bottom TFT, the top TFT was continuously fabricated on
top of the bottom device. A parylene intermetal dielectric layer was
deposited on the 3D stacked TFTs, and via-holes were created at
each pixel using nanosecond pulsed laser ablation (fig. S1). The via-
holes were subsequently filled through inkjet printing to extend the
source electrodes of the top device to the air. The extended elec-
trodes were connected to the piezoresistive sensor sheet. The piezo-
resistive sheet was fabricated by stacking two layers of reduced
graphene oxide/polyvinylidene difluoride (rGO/PVDF) composite
microdome arrays. The GO/PVDF solution was prepared by intro-
ducing GO into the PVDF matrix. The composite solution was
poured on a micro-patterned mold and reduced to rGO/PVDF with
microdome structures. Because of the simplicity and scalability of
the fabrication process, the size of piezoresistive sheets could be cus-
tomized, which enabled the integration of the sensor sheet on the
large-area 3D stacked TFT arrays. The detailed fabrication process is
described in fig. S2.

Electrical characterization of the multimodal 3D sensors

We characterized the 3D stacked TFTs, including the top TFT-based
pressure sensors and the bottom TFT-based temperature sensors.
Transfer characteristics (|Ip| versus Vgs) of TFTs were measured in
a saturation regime with Vpg = —10 V. Notably, the bottom TFTs
showed similar electrical performance before and after stacking the
top TFTs (Fig. 2A). Twenty-five pairs of the top and bottom TFTs
exhibited typical transfer characteristics with 100% yield (Fig. 2B)
and high uniformity (Fig. 2, C to E). The average carrier mobility (p)
of the top and bottom TFTs were 0.09 + 0.02 and 0.09 + 0.01 cm®
vl respectively (Fig. 2C). The average threshold (V1) was
—0.99 + 0.16 (top) and —1.12 & 0.15 V (bottom) (Fig. 2D). The av-
erage subthreshold slope (SS) was 405 + 52 (top) and 352 + 44 mV/
dec (bottom) (Fig. 2E). Moreover, the stacked TFTs showed negli-
gible degradation of electrical performance under a bending radius
of 10 mm (fig. S3).

For pressure sensing, the 3D stacked TFTs were integrated with
the rGO/PVDF piezoresistive sheets that served as a pressure-
sensitive resistor of the 1T-1R pressure sensor. After the integration,
the Ip was measured to show the transfer characteristics under vari-
ous pressure loads ranging from 0 to 20 kPa at 25°C (Fig. 2F). The
|Ip|- Vs curves showed upward shifts with increasing pressure loads
that increased the contact area of the microdomes in the piezoresis-
tive sheets and hence their conductivity. The electrical properties of
the sheets and the top TFTs were characterized under the same
stimulus conditions used for the pressure sensors (Fig. 2G). It can be
seen that the increase of Ip was mainly from the piezoresistive sheets,
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where the drain current of the TFT was constant, while the resis-
tance of the sheets decreased with increasing pressure. As a result,
the 1T-1R sensor detected pressure changes between 0 and 20 kPa.
Subsequently, the pressure calibration curve (relative Ip versus ap-
plied pressure) was plotted at Vs = Vps = —10 V (Fig. 2H). The
relative value was defined as |Ip/Ipo|, where the Ipy was the drain
current measured at 0 kPa and 25°C. The pressure-sensitivity
[(AIp/Ipg)/ AP] of the device was nonlinear. The nonlinear pressure
sensitivity resulted from the interlocked microstructures, where the
contact area changed more significantly at lower pressures before
saturating due to deformation limits (43). To accurately correlate
drain current values with the corresponding pressure values, the
pressure range (0 to 20 kPa) was divided into three linear segments
(0 to 1 kPa, 1 to 6 kPa, and 6 to 20 kPa). The three segments exhib-
ited pressure sensitivities of 2.64, 0.22, and 0.02 kPa™", respectively.
The pressure sensor exhibited negligible hysteresis during pressure
loading and unloading. In addition, the device showed a reliable
real-time response to the applied pressures and reasonable device-
to-device variation with a relative SD (RSD) of less than 15% (Fig. 2I
and fig. S4A).

To validate feasibility as a temperature sensor, the transfer char-
acteristics of the bottom TFTs were measured between 25° and
50°C. (Fig. 2]). The temperature range was determined on the basis
of the permissible and nonhazardous range of human skin, which is
not perceived as nociceptive (44, 45). The drain current increased
with increasing temperature. The temperature dependence was ana-
lyzed by extracting the mobility and threshold voltage (Fig. 2K).
When the temperature increased from 25° to 50°C, the mobility in-
creased by 49%, while the threshold decreased by 37%. The increase
in mobility and decrease in threshold can be rationalized by ther-
mally activated charge transport in conjugated polymers (46) and
thermally induced transition from deep traps to shallow traps, re-
spectively (47). The relative current values of the temperature sensor
were defined as |It/Iro|, where the It was the drain current mea-
sured at 25°C and 0 kPa. The temperature sensor showed a linear
sensitivity with insignificant hysteresis (Fig. 2L). The |Ir/Iro| in-
creased by 68% from 25° to 50°C, corresponding to the temperature
coefficient of resistance of —2.72% °C™", which exceeded previously
reported values (48-52). Furthermore, the temperature sensor de-
tected a wide range of temperatures in real time and showed uni-
form sensitivity with an RSD of less than 10% (Fig. 2M and fig. S4B).

Calibrated compensation for the detection of pressure
independent of temperature

We examined the cross-sensitivity of the bottom temperature sen-
sors and the top pressure sensors. The drain current of the tempera-
ture sensors was measured between 0 and 20 kPa, while the pressure
sensors were investigated between 25° and 50°C. Although the tem-
perature sensors were immune to pressure changes due to sufficient-
ly rigid thin-film layers (fig. S5), the pressure sensors exhibited
unintended temperature dependence. As shown in Fig. 3A, the
Ip/Ipg versus P curves of the pressure sensors showed an upward
shift along with the increased temperature, which distorted pressure
values derived from the measured Ip. This unwanted shift was sup-
ported by the temperature-dependent charge transport in both the
top TFTs and the piezoresistive sheets (fig. S6). To minimize the
thermally induced fluctuations, we proposed a calibrated compen-
sation method that converted the Ip values at any T, Ip(t), into the Ip
values at a reference temperature (Tj).
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Fig. 2. Electrical characterization of the multimodal 3D sensors. (A) Representative transfer characteristics of the bottom TFT before and after the fabrication process
for the top TFT. (B) Transfer characteristics of 25 pairs of bottom and top TFTs. Histograms of (C) carrier mobility (p), (D) threshold voltages (Vr), and (E) subthreshold slope
(SS) extracted from the transfer characteristics (n = 25). (F) Transfer characteristics of the top TFT-based pressure sensor with increasing pressures from 0 to 20 kPa.
(G) Drain current (Ip) of the top TFT and resistance of the piezoresistive sheets as a function of applied pressure. (H) Relative current (Ip/Ipo) as a function of applied pressure
during loading and unloading cycles. Inset: Magnified Ip//po-P curve between 0 and 0.9 kPa. (1) Real-time response of the pressure sensor to gradually increasing pressure
loads from 0 to 20 kPa. (J) Transfer characteristics of the bottom TFT-based temperature sensor with increasing temperatures from 25° to 50°C. (K) Carrier mobility and a
threshold voltage of the bottom TFT as a function of ambient temperature. (L) Relative current (l/Ito) as a function of ambient temperature during heating and cooling
cycles. (M) Real-time response of the temperature sensor to gradually increasing temperature from 25° to 50°C.

The main idea for the compensation method is based on the linear
thermal response of the pressure sensors (Fig. 3B), although the pres-
sure sensitivity is nonlinear. First, the relationships between Ip/Ipg
and T were plotted under various temperatures from 25° to 50°C. The
temperature sensitivity of the pressure sensors (Sp) was defined as a
slope determined after linear regression of each Ip/Ipg versus T curve.
Notably, the thermal response of the pressure sensors exhibited a lin-
ear relationship with nearly the same slope across different pressure
values. The average of R? (coefficient of determination) value for each
curve was 0.9986, and the RSD of the sensitivity was only 3%. In oth-
er words, the sensitivity was linear and similar regardless of pressure.

Joetal, Sci. Adv. 11, eads4516 (2025) 17 January 2025

The linear dependence on temperature can be attributed to the linear
thermal response of the top TFT (fig. S6A) and the conductance of
the integrated piezoresistive sheet (fig. S6B). By exploiting the linear
and uniform sensitivity, the calibrated compensation was developed.
The compensation process consists of two steps (fig. S7). First, it is
necessary to calculate the temperature difference (AT*) between the
unknown temperature (T#) and the Ty. The pressure-independent
temperature sensitivity (St) of the temperature sensor is defined as
(It2 — IT)/(T> — T1), where T} and T, are arbitrary temperature val-
ues between 25° and 50°C. After substituting T and T* for T; and T>,
respectively, the following equation is established
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sure sensor as a function of applied pressure at various temperatures after calibrated compensation. (D) Variability of Ip values with temperature between 25° and 50°C.
(E) Differences between derived and actual pressure values as a function of temperature. Turquoise green symbols represent results without compensation, and coral red

symbols represent results with compensation. RSD, relative SD.

AT = (T*_To) =ST/(IT*_IT0) (1)

Because the St and Iy are predetermined by measuring It at two
known temperatures, including Tj, the AT* is easily calculated after
measuring the I« Next, the AT* is used to convert the Ip(t) to Ip(ro).
Because of the linear and uniform Sp, the Ip(g) can be formulated by

2)

The above equation shows that any measured Ip(r) is converted to
the temperature-independent Ip(rg) by subtracting the thermal dis-
tortion term (Sp X AT¥). The suggested thermal compensation was
effective across all pressure ranges, as Sp was nearly identical regard-
less of the pressure values.

To verify the compensation method, we converted all data in the
three Ip(t)/Ipg versus P curves at 30°, 40°, and 50°C to Ip(to) with the
Ty of 25°C (Fig. 3C). After the conversion, the four relationship
curves overlapped and appeared as a single curve, which could facili-
tate the extraction of temperature-independent pressure values over
a wide temperature range. The effectiveness of the compensation was
also evaluated quantitatively. The variability of Ip(r) with temperature
was estimated as |Ipsoec) — Ipsec)|/Ipsec) (Fig. 3D). With the imple-
mentation of the compensation method, the average of the variability
values decreased by 99% despite the considerable variability caused
by temperature differences of 25°C without this compensation. The
marked reduction in variability significantly enhanced the accuracy
of the pressure sensor. To quantify this improvement, we defined

Ipero) = Ipery = Sp X AT®

Joetal, Sci. Adv. 11, eads4516 (2025) 17 January 2025

temperature-induced errors as the differences between the actual and
derived pressure values. The errors were calculated using measured
Ip(r) values based on the Ipsoc) versus P relationship and plotted as a
function of the measurement temperature (Fig. 3E). Without com-
pensation, the errors increased with both rising temperature and
pressure, meaning that higher temperatures and pressures led to
greater distortion. For example, at 50°C, a pressure of 0.1 kPa was
erroneously perceived as 17.9 kPa, whereas 0 kPa was perceived as
1.4 kPa. The unexpected influence of pressure on the errors was elu-
cidated by analyzing the slope of the Ip(r)-P curve at higher pressures,
the slope became steep (Fig. 2H). A less steep slope results in a great-
er horizontal shift for a given vertical change, exacerbating the error
as temperature rises. However, with the compensation method in
place, temperature-induced errors became negligible across all tem-
peratures and pressures, demonstrating that the method effectively
mitigated these mismeasurements.

Spatial measurement of pressure and temperature

We developed a 10-by-10 multimodal 3D sensor array using a 3D active-
matrix technology, which enabled real-time mapping of both pressure
and temperature. The innovative active-matrix with transistor-on-
transistor architecture facilitated the simultaneous measurement of
these parameters. To demonstrate its capability, we placed two objects
of identical weight but differing temperatures (25° and 50°C) on the
sensor array (Fig. 4A). The hot object introduced both mechanical and
thermal stimuli to the multimodal 3D sensor arrays. Measurement was
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Fig. 4. The multimodal 3D sensor array for spatial measurement. (A) 3D schematic of the 10-by-10 multimodal 3D sensor array with two objects of equal weight but
different temperatures (25° and 50°C). Inset: Magnified 3D schematic showing deformation and heat transfer induced by the hot object. (B) A photograph of the custom-
built array measurement system based on the National Instruments PXI platform and switch matrix. (C) Heatmap of relative current change measured from the pressure-
sensing active matrix without compensation. (D) Heatmap of relative current change measured from the temperature-sensing active matrix for the calibrated
compensation. (E) Heatmap of relative current change measured from the pressure-sensing active matrix with the compensation. BNC-SMA, Bayonet Neill-Concelman

to SubMiniature version A.

performed in real time using a custom-built automated I-V measure-
ment system, which was based on the National Instruments (NI) PXI
platform with a switch matrix (Fig. 4B). The voltage signals generated
from the PXI platform were transmitted to a pixel device through the
switch matrix, data transmission line, and measurement fixture. The PXI
platform also measured the drain current of the pixel device. The
current-voltage relation (I-V) measurement was repeated until the
drain current of all pixel devices was measured in sequence. The mea-
surement system was controlled by automation software developed in
the NI LabVIEW environment. Detailed information on the automa-
tion system is described in fig. S8.

The Ip values of each pixel were measured across the matrix to
derive the pressure. It was assumed that the pixel displaying the
maximum pressure value indicated the point of most definitive con-
tact between the object and the sensor. The maximum values of the
2D pressure profiles under the room temperature and hot object
were 0.11 and 14.5 kPa, respectively (Fig. 4C). This discrepancy was
due to the temperature-induced errors previously mentioned. To
acquire accurate pressure information regardless of the tempera-
ture, we used the 3D sensor array integrated with the proposed com-
pensation method. First, the bottom active-matrix sensor detected
the 2D temperature distribution (Fig. 4D), where the maximum
temperature measured corresponded precisely to the actual tem-
perature of each object. Second, we adjusted the Ip values from the
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top active-matrix sensor using the acquired 2D temperature data
(Fig. 4E). After applying the compensation, the maximum pressures
recorded under the room temperature and hot object were 0.1 and
0.09 kPa, respectively, reducing the pressure disparity by 99.93%
compared to the uncompensated results. Consequently, the 3D sen-
sor array, enhanced with the calibrated compensation, successfully
provided accurate spatial temperature mapping and 2D pressure
distribution.

Smart robotic gripper application

To effectively harness accurate real-time temperature and pressure
information, we implemented a closed-loop control system for a ro-
botic gripper designed to grasp and lift a cup filled with either room
temperature or hot (50°C) water as shown in Fig. 5A. The gripper
was equipped with a multimodal 3D sensor array affixed to one of its
fingers (inset in Fig. 5A). A specific 5-by-3 section of the matrix
served as the sensing area, providing real-time feedback through a
connection to a custom-built control system (fig. S9). The operation
protocol was as follows (Fig. 5B). First, the gripper was initialized,
and the It and Ip values from each pixel within the sensing area were
collected at a frequency of 9 Hz. The spatial It data facilitated the
correction of the distorted Ip values. The corrected spatial Ip values
were averaged and compared with a predetermined threshold. This
threshold, which was set to prevent breakage or slippage of the cup
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Fig. 5. Application to the robotic gripper. (A) Photograph of a cup containing hot water and the robotic gripper equipped with the multimodal 3D sensor array.
Inset: Rear view of the multimodal 3D sensor array connected to a flexible flat cable (FFC) for the robotic demonstration. (B) Schematic diagram of the robotic gripper
controlled by the feedback system. (C) Real-time pressure data measured from the multimodal sensor array without and with compensation. Snapshots of the grip-
per (D) failing and (E) successfully lifting the hot cup. Spatiotemporal readings of (F) pressure and (G) temperature measured from the multimodal sensor array with

calibrated compensation.

(~2 kPa), proved effective for securely grasping and lifting a cup at
room temperature (fig. S10 and movie S1). If the average Ip value fell
below this threshold, then the gripper’s fingers incrementally ap-
proached the cup, with drain currents measured at each movement.
Conversely, if the threshold was met or exceeded, then the fingers
remained stationary and the gripper moved upward to lift the cup.
The robotic demonstration was performed using the multimodal
3D sensor array both with and without calibrated compensation.
Initially, the 3D sensor array, when operated without compensation,
functioned solely as a pressure sensor. During this operation, real-time
Ip data were converted to pressure values and plotted over time (Fig.
5C). In this uncompensated scenario, the gripper ceased movement
when the pressure exceeded the threshold at t = 48.4 s but failed to lift
the hot cup due to insufficient grasping force, a consequence of
temperature-induced mismeasurements (Fig. 5D). Conversely, with
the calibrated compensation activated, the gripper adjusted its grasp,
moving closer to the cup, reaching the pressure threshold at t =57.2 s
(Fig. 5C). The adjustment was enabled by compensation that corrected
for mismeasurements by thermal effects, allowing precise control until
the accurate pressure was detected. The real-time spatiotemporal pres-
sure and temperature data, captured during the compensated opera-
tion, showed initial readings at 31°C with negligible pressure,
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increasing to 45°C as the gripper approached the hot cup (Fig. 5, F and
G). The compensated sensor maintained pressure below the threshold
until reaching it after t = 48.4 s, contrary to the demonstration without
compensation. After two more movements (t = 57.2 s), the gripper
eventually stopped when the threshold was reached. Then, it success-
fully lifted the hot cup (Fig. 5E). The robotic demonstration was re-
corded in real time (movie S2). The result showed that the developed
3D sensor array could detect real-time 2D distributions of tempera-
ture and pressure without cross-sensitivity, which successfully enabled
the robotic gripper to lift objects regardless of temperature. Moreover,
the multimodal sensor provided consistent, temperature-independent
pressure data even as the cups temperature changed in real time (fig.
S11). After achieving a stable grip, the cup was heated on a hotplate,
gradually reaching a temperature of 50°C over a duration of 6 min. The
multimodal sensor collected I+, uncompensated Ip, and temperature-
compensated Ip data in real time. Without compensation, the Ip values
increased as the cups temperature rose due to thermal distortion of the
pressure sensor. In contrast, the compensated Ip data consistently
maintained a stable pressure level, as thermal effects were calibrated in
real time. Consequently, the gripper was able to hold the cup stably,
demonstrating the smart gripper’s capability to operate efficiently
under varying temperature conditions.
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DISCUSSION

This study presents a multimodal sensor array using the 3D transistor-
on-transistor active-matrix design for precise spatial measurement of
pressure and temperature, demonstrating exceptional stimulus dis-
criminability. Each sensor pixel, comprising monolithically stacked
3D TFTs integrated with a high-sensitivity piezoresistive sheet, ex-
hibited reliable performance. Our sensor array facilitated simultane-
ous detection of temperature and pressure in a single spot. To address
the unwanted thermal effect on pressure readings, we developed a
calibrated compensation method, leveraging the linear and consis-
tent temperature sensitivity. This compensation process significantly
mitigated temperature-induced inaccuracies, allowing the sensor ar-
ray to measure spatial distributions of pressure and temperature
without signal distortion. The practical application of this technology
was exemplified through a robotic gripper demonstration, demon-
strating the ability to grasp and lift objects irrespective of their tem-
perature variations.

The 3D sensor-on-sensor architecture proposed here offers a
promising advancement for TFT-based sensors, traditionally sus-
ceptible to temperature changes. Although TFT platforms are opti-
mal for 2D spatial signal mapping due to their high accuracy and
minimal cross-talk (53), they remain sensitive to thermal varia-
tions—a challenge stemming from the inherent temperature depen-
dency of charge transport in semiconductors. This work not only
addresses these challenges through innovative 3D integration, al-
lowing simultaneous temperature compensation at the sensor site,
but also proposes a universal solution for reducing cross-sensitivity
in active-matrix sensors, independent of material or sensing mecha-
nism specifics. This strategy would herald a new era in electronics
that mimic real skin, capable of sensing and interacting with a mul-
titude of physical signals, marking a notable stride toward next-
generation sensor technology.

MATERIALS AND METHODS

Material preparation

A silver nanoparticle ink (NPS-L, Harimatec Inc.) was used as a
conductive ink for all electrodes and interconnects in this work. The
work function of the silver contact electrodes was modified by self-
assembled monolayers of a 30 mM 2,3,4,5,6-pentafluorothiophenol
(PFBT) (Sigma-Aldrich) solution dissolved in isopropanol. For the
p-type semiconductor ink, DPP-DTT (MO0311A, Ossila) was pre-
pared in 2 mg/ml using chlorobenzene (Sigma-Aldrich). A hydro-
phobic polymer (Teflon AF1600, Dupont) ink was prepared in a
1 weight % (wt %) solution using perfluorotributylamine (Fluori-
nert FC-43, 3 M) and used to define the area to be filled with the
semiconductor. All inks were filtered with polytetrafluoroethylene
membrane filters with a 0.45-um pore size. A fluoropolymer CYTOP
(CTL-809 M, AGC) was dissolved in CT-SOLV180 (AGC) with a
volume ratio of 1:4 and used to deposit a solution-processed dielec-
tric layer. A poly(p-xylylene) derivative (Parylene diX-SR, KISCO
Ltd.) was used to deposit the conformal dielectric layers. A PVDF
(molecular weight: ~534,000, Sigma-Aldrich) was prepared in a 20 wt %
dispersion using dimethylformamide (DMF). A 1.05 wt % GO-DMF
dispersion was prepared by the modified Hummers methods (54).
The PVDF dispersion and GO dispersion were mixed at desired
mixing ratio. A microdome array replica mold was prepared using a
microdome-patterned silicon master mold with a 10-pm diameter,
12-pm pitch, and 4-pm height.

Joetal, Sci. Adv. 11, eads4516 (2025) 17 January 2025

Device fabrication

A glass substrate (Eagle XG, Corning) was coated with surfactant and
3-pm-thick parylene (KISCO Ltd.), which can be peeled off as need-
ed. On the parylene surface, bottom S/D electrodes were inkjet-
printed using a drop-on-demand inkjet printer (DMP 2850, Fujifilm
Dimatix) and sintered at 120°C for 1 hour. The contact electrodes in
each row were connected to realize an active matrix. To define the
semiconductor area, the Teflon ink was printed using a dispensing
machine (350PC, MUSASHI ENGINEERING Inc.) and annealed at
100°C for 10 min. Then, the S/D electrodes were dipped into a PFBT
solution for 5 min and rinsed. The semiconductor ink was dispensed
to fill the area defined by Teflon and annealed at 100°C for 30 min. The
Teflon pattern was removed by immersion in perfluorotributylamine.
A CYTOP dielectric film with a thickness of 50 nm was deposited by
spin coating. Next, a 200-nm-thick parylene gate dielectric was de-
posited. The bottom active-matrix fabrication was finished by inkjet-
printing vertically shared gate electrodes. The gate electrodes in each
column were connected to realize an active matrix. On the gate elec-
trodes, a 200-nm-thick gate dielectric was deposited. Top S/D elec-
trodes were inkjet-printed on the gate dielectric. After sintering, only
source electrodes in each row were connected to realize an active ma-
trix. Again, Teflon patterns, a PFBT layer, DPP-DTT patterns, a
50-nm-thick CYTOP dielectric, and a 200-nm-thick parylene pas-
sivation layer were formed in sequence. Laser-drilled via-holes were
formed on the top drain electrodes and filled with inkjet-printed con-
tact pads exposed to air. The piezoresistive sheets were fabricated
separately. A PVDF-GO-DMEF dispersion was poured onto the replica
mold and dried at 50°C for 12 hours. The dried GO/PVDF microdome-
patterned film was annealed at 160°C for 2 hours. The annealing pro-
cess led to the formation of reduced GO (rGO) and the removal of
residual solvent. To realize an interlocked microdome structure, two
rGO/PVDF composite films were faced each other with an inserted
10-pum-thick plastic spacer. The spacer was attached to the composite
films at the edge of the films. After the attachment, the top layer was
spay-coated with silver nanowires and used as an electrode. Last, the
bottom layer of the piezoresistive sheet was attached to the contact
pads of the stacked active matrix, and the top electrode of the sheet
was connected to the ground nodes of the stacked device.

Electrical characterization

The sensing capabilities were characterized in an environment where
temperature and pressure could vary. The temperature was controlled
by a hotplate (SD160, Stuart), where the devices were placed. The
pressure load was controlled by a force gauge (DS2-110, IMADA
Inc.) mounted on a motorized z-axis linear stage with customized
LabVIEW software (National Instruments Corp.). The transfer char-
acteristics were measured using a semiconductor characterization
system (4200A-SCS, Keithley). The 2D mapping was enabled by a
custom-built array measurement system, which consisted of a PXI
system (PXIe-8840, 4135, and 1076, National Instruments Corp.), a
switch matrix system (E5250A and E5252A, Keysight), and a mea-
surement jig with an adapter module. For the transfer characteristics
measurement, the gate voltage was swept from 2 to —10 V, while the
drain voltage remained fixed at —10 V. In all other experiments, the
gate and drain voltages were fixed at —10 V.

Robotic demonstration
A commercially available robotic gripper (RM-X52-TNM, ROBOTIS)
was used for the robotic demonstration. The gripper was controlled
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by customized LabVIEW software. The gripper control and mea-
surement software were integrated into a single LabVIEW software.

Supplementary Materials
The PDF file includes:

Figs.S1to S11

Legends for movies S1 and S2

Other Supplementary Material for this manuscript includes the following:
Movies S1 and S2
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