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ABSTRACT — With miniaturization and wireless actuation for a class of magnetic microgripper for robot-
assisted minimally invasive endoscopic intraventricular surgery, surgeons are unable to acquire tactile
sensory information of tissues and organs during tool-tissue manipulation and grasping tasks. To minimize
the risks of tissue trauma and improve surgical performance, surgeons require haptic feedback technologies
to be integrated onto micro-scale surgical tools for tactile information. However, current sensors cannot be
equipped onto the interior jaw of the microgripper due to low pressure range and small scale criteria for RMIS
implementation for pediatric neurosurgery. This study proposes a 24 mm?, ultra-thin and flexible capacitive
tactile sensor for the interior jaws of a disposable surgical magnetically-controlled microgripper to potentially
monitor and regulate tool-tissue manipulation pressures/forces in real-time to improve grasping performances
and quality of surgical procedures. To lower fabrication costs, the multiple layers of the capacitive sensor
were screen-printed and assembled to produce a 100 um thick sensor. To enhance range and sensitivity,
four different morphologies were developed for the dielectric layer and integrated into the sensor design. The
dielectric layers were fabricated by optimizing and processing TPU into a suitable ink adequate for screen
printing large surfaces and microstructures. The final optimized capacitive tactile sensor with a grid-like micro-
structured dielectric design’s electromechanical performance was modelled as a bi-linear response with two
sensitivity modes for a sensing range of 0.42 — 54.2 kPa (0.01 - 1.30 N applied on 24 mm? of gripper jaw).
The results also indicated performance comparable to more expensive tactile sensors with a hysteresis of
8.8% and a repeatable response to applied cycling loadings with a maximum response signal decay of 1.85%.
This study highlights that simple screen printing method can be used as a low-cost alternative to fabricate
high performance tactile sensors to be integrated to the interior jaw of the microgripper designed for
disposable endoscopic intraventricular surgeries.

KEYWORDS: Robot-assisted minimally invasive surgery, capacitive tactile sensor, flexible electronic devices,
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1. Introduction

In the wake of the advancement of robot-assisted minimally invasive surgeries (RMIS) for neurosurgery, safer
and more efficient manipulation of sensitive brain tissues is imperative while exposing or gaining access to
otherwise obstructed parts of the brain to reduce trauma and surgical brain injuries to patients'. RMIS for
neurosurgery aims to lower recovery time, risks of infection and pain in patients, and to reduce incision
size234. To perform RMIS surgical procedures, miniaturized robotic grippers inserted through narrow working
channels are used to grasp and pull soft tissues by using a combination of pinch forces (normal force) and
frictional shear forces'.

For application in RMIS for pediatric neuroendoscopy with narrower working channels, Lim et al. and
Forbrigger et al. proposed a novel magnetic microgripper (of diameter 4 mm as shown in Figure 1 (a)) with
grasping capabilities and an interior gripper jaw area of 24 mm?2 256, This tool is designed to be capable of
performing micro-scale surgical incision and retraction (pulling apart) procedures with grasping forces up to
0.181 N (7.54 kPa) for intraventricular neurosurgery, namely tumor resection via magnetic actuation8.
Magnetic actuation of the microgripper is biocompatible, wireless and offers greater miniaturization for RMIS
applications?%8. However, owing to miniaturization, the microgripper requires larger displacement to generate
a larger magnitude of grasping forces to perform surgical operations similar to conventional larger grippers®7.
Furthermore, based on literature, grasping force errors due to too little or too large force exerted by surgical
grippers can cause tissue slippage or tissue damage'. Thus, surgeons must acquire and monitor tactile
sensory information during RMIS tool navigation and grasping’.

During conventional surgeries and with non-robotic surgical grippers, tactile feedback is acquired directly by
surgeons through tool grasp and palpation®#. For RMIS with magnetic robotic grippers, surgeons have no
direct contact with the tool due to spatial constraints and wireless actuation. Thus, they are unable to acquire
tactile sensory information of tissues and organs during tool-tissue manipulation which increases tissue
trauma risks and associated complications348:8. To ensure safety and efficiency of surgical operations, tactile
haptic feedback technologies must be equipped to surgical tools to relay tactile and force information to
surgeons in RMIS in real-time*7-8. Moreover, haptic feedback could be used to optimize wireless magnetic
actuation of the microgripper to increase precision and efficiency by monitoring and regulating grasping forces
using a closed-loop control system5. Current tactile haptic feedback solutions cannot be integrated to the
interior jaws of the magnetic microgripper due to misalignment, bulkiness, size limitations, RMIS working
space constraint, and low force range requirements (0 to 1.35 N) based on neuroendoscopy procedures®10.
Gripper shape and size of micro-scale surgical tools are designed specifically for particular type of surgeries
and, hence, require highly customized tactile sensors for haptic feedback both in terms of physical aspect
and performance. Customized and high performance tactile sensors are generally associated with labor-
intensive processes and high fabrication costs, thereby deterring implementation onto novel surgical tools
especially with increasing demand for disposable tools for one-time surgical use''.12.13.14,

To remedy haptic feedback limitations, this study proposes a 24 mm?, ultra-thin and flexible capacitive tactile
sensor (Sensing Area) for the interior jaws of a disposable surgical magnetically-controlled microgripper as
shown in Figure 1 (a). Conductive tracks and connection pads are added for ease of data acquisition for
sensor characterization and their design is not investigated in this study. The sensor can be used to potentially
monitor and regulate tool-tissue manipulation pressures/forces in real-time to increase safety, improve
grasping performances and quality of surgical procedures. The capacitive tactile sensor, shown on the
surgical gripper in Figure 1 (b), comprises of two conducting parallel facing electrodes (with overlapping area
A) separated by dielectric layers. The thickness, d, of the dielectric changes in response to a normal force
load applied, while the area of superimposing electrodes is constant. This change in dielectric thickness
between the electrodes results in a change of capacitance which can be used to interpret tactile information
regarding pressure/force applied on the inner jaw surface of the microgripper. This capacitive transduction
mode is chosen for the interior rigid surface of the gripper jaw over other sensing transduction mechanisms
due to its linear response, high sensitivity, lower minimum detectable pressure, limited hysteresis, large
dynamic pressure range, and compatibility for a relatively large sensing surface area®. Considering its
processability into thin micro-structured films, low Young’s modulus and dielectric properties, thermoplastic
polyurethane (TPU) material was selected as part of the dielectric, spacer and liner layer in the sensor
design™. A combination of TPU-air-TPU dielectric layer is chosen to potentially monitor and differentiate
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detectable small and large pressure ranges (S1 and S2). Figure 1 (c) depicts the multiple sub-components of
the proposed capacitive tactile sensor design. The selection of materials and structural design of the sensor’s
various components were based on weak diamagnetism to avoid interference with the magnetic actuation of
the gripper, biocompatibility during tool-tissue interactions, and flexibility for ease of deformation for pressure
sensing during surgery.
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Figure 1. (a) CAD design of Magnetic Microgripper with a 24 mm?2 Surface Area of interior gripper jaw area.
(b) CAD of 3D printed Magnetic Microgripper and capacitive tactile sensor, (c) Schematic illustration of
multilayered capacitive tactile sensor design with a proposed sensing area (A) of 15 mm2.

To improve sensor performance while maintaining the physical constraints for RMIS and the interior gripper
jaw surface, this study specifically investigates the proposed sensor’s electromechanical performance with
various geometric morphologies for the dielectric layer of the sensor. The structural properties of elastomers
as dielectric medium can affect sensor performance in terms of sensitivity and response time'¢. Hence, this
study generated four different designs of micro-structured thin TPU dielectric layer (Design A, B, C and D)
with varied structural properties to determine an improved dielectric morphology for the capacitive tactile
sensor’s performance. Micro-structured pressure and tactile sensors have been traditionally associated with
chemical etching and photolithography technologies which require high fabrication costs, labor-intensive
processes, costly chemicals, specialized equipment, and clean room facilities'®'6. To meet size and
fabrication limitations for disposable solutions, this study opted for screen printing technologies with optimized
TPU ink. This approach facilitated the development and fabrication of ultra-thin, flexible, and micro-structured
layers for the proposed capacitive tactile sensor to specifically acquire tactile feedback for a magnetic
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microgripper during RMIS applications for neuroendoscopy procedures.

2, Experimental Section

2.1 Materials

Screen printable silver ink (Metalon® HPS-FG32 Silver Screen Ink) supplied by NovaCentrix was chosen for
conductive tracks and electrodes. Kapton® Polyimide film with adhesive from McMaster-Carr was used as
substrate and laminating agent. The chosen material for the dielectric, spacer and liner ink is Thermoplastic
Polyurethane pellets (TPU - Pearlbond™ 12F75UV) with a dielectric constant of 4. It is supplied by Lubrizol
Advanced Materials. The solvents used for dielectric ink formulation are N, N-dimethylformamide (DMF) and
Tetrahydrofuran (THF) from Sigma Aldrich.

2.2 Fabrication of Sensor Sub-Components & Sensor Assembly

To formulate screen-printable dielectric ink, different weight percentages of TPU (10 wt%, 15 wt%, 20 wt%,
25 wt% and 30 wt%) were fabricated by dissolving TPU pellets in 1:1 ratio of THF and DMF solvents using
magnetic stirring (70°C at 500 RPM for 24 hours), as outlined in Figure 2 (a). Once a highly viscous ink
solution was obtained, it was weighed multiple times to monitor evaporation of the solvent content. The ink
was degassed in a vacuum, weighed and sealed to prevent solvent evaporation. Prior to verifying printability
and proceeding with screen printing, the TPU ink solution was reheated to 70°C and stirred until ink softening
while monitoring the ink’s weight to maintain consistency.

Screen printing was performed using a manual 8 in. by 10 in. screen printer (Model MSP-088) along with
emulsion screens (Hary Manufacturing Inc, New Jersey, USA). Customized patterns for the sub-components
of capacitive sensor were prepared using AutoCAD (Autodesk, Inc., Mill Valley, CA) and implemented on
stainless-steel screen printing mesh (mesh angle 22.5, 0.0005” emulsion thickness, 325 threads/in and wire
diameter 0.009 in). The screen printing mesh and screen printer were then used to deposit patterned
materials onto a substrate. For consistent screen printing, the snap-off height was set to 0.035 in., and the
squeegee angle was maintained at 45 degrees. The squeegee pressure and speed ranged approximately
from 0.2 to 0.5 kg and from 25 to 50 mm/s, respectively. The downward force applied by the squeegee blade
onto the screen and substrate was monitored by measuring the weight using a balance. The speed of the
squeegee across the screen was manually timed using a stopwatch to control consistent timing between
each print stroke.

To fabricate the electrode layer and conductive tracks, screen printable silver ink was screen printed with a
single stroke onto polyimide substrate and cured at 175°C for 5 minutes in an oven. The electrodes were
designed using AutoCAD with a sensing area of 15 mm? (A) to allow for a 0.5 mm offset on the 24 mm? of
the interior gripper jaw surface area for uniform pressure sensing and improved structural integrity for the
sensor. The designs of the micro-structured dielectric, liner and spacer layer were also prepared using
AutoCAD and then patterned onto screen frames. The dielectric, liner and spacer layer were screen printed
onto their respective substrates with a single print stroke for the deposition of 10 um of TPU material. The
printed TPU materials were then allowed to air dry in a fume hood.

The assembly and screen-printing order process of the multiple layers of the capacitive sensors are outlined
in Figure 2 (b). The top and bottom layers with the screen-printed materials were then superimposed such
that the top electrode and bottom electrode area overlap and are separated by the dielectric medium (two
layers of TPU and an air gap). The air gap is maintained by the TPU liner layer. Four different architectural
designs of the dielectric TPU layer were generated based on the same thickness (d) and sensing area (A) to
develop four different dielectric morphologies for the assembled capacitive sensor (Design A, B, C and D).
Figure 2 (c) illustrates the varying surface morphologies of the dielectric designs, each using 100 pym line
width microfeatures (Design A has no microfeatures. Design B consists of columns of 100 ym line widths of
TPU with 100 um spacing between each column. Design C features a grid design with columns and rows of
100 um line widths of TPU, with 100 um spacing between each column and row. Design D includes 100 ym
diameter pillars of TPU with 100 uym spacing between each pillar). The layers were laminated and sealed
using polyimide adhesive to insulate the conductive tracks, seal the content from human/patient contact for



biocompatibility, protect the assembly from humidity and maintain structural integrity of the multiple layers
together during testing and characterization.
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Figure 2. Schematic illustration for (a) fabrication process of TPU ink, (b) Screen printing fabrication
process and assembly of capacitive tactile sensor, (c) CAD surface design of Dielectric layer for (i) Design
A, ii) Design B, iii) Design C and iv) Design D, and (d) LCR Meter circuitry connection setup for Sensor-
Computer Interface during characterization performance of capacitive tactile sensor.

2.3 Characterization
The viscosity behaviour of formulated TPU inks were characterized using an Anton Paar rheometer (MCR

702 MultiDrive). The measurements for the rheology characterization of the inks were performed at 25°C to



simulate screen printing at room temperature. The inks were subjected to increasing shear rates between
0.1-100 s*" and the flowing material’s viscosity behaviour was graphically represented through viscosity flow
curves to verify shear thinning and the viscosity range for screen printing compatibility’”. The viscoelastic
behaviour of the inks was analyzed through amplitude sweeps to reflect dynamic conditions and determine
the linear viscoelastic (LVE) range for liquid-like behaviour'”-'8. Furthermore, to simulate screen printing
process, a time-dependent controlled-shear-rate test (step test) was performed. This included three intervals;
measurement of viscosity at low shear rate to simulate the ink at rest, measurement of viscosity at high shear
to simulate spreading the ink across the screen to fill the mesh opening and measurement of viscosity during
structural recovery of the ink at low initial shear rate's.

The analysis of the surface and cross-section morphologies of the screen-printed patterns of electrodes, liner,
spacers, and micro-structured dielectric layers were performed using a scanning electron microscope (SEM
— JSM-IT100, JEOL Corporation). To enhance charge transfer and for optimum SEM image quality, the
screen-printed patterns were prepared with gold sputtering on the surface prior to observation through SEM°.
Furthermore, the line width of the printed micro-structures was measured and observed using both an optical
microscope (OMAX 40X-2000X, OMAX Microscope) and the SEM. The printed integrity of the conductive
tracks and micro-structured dielectric were confirmed using the optical microscope in case of any ink bleeding
or short circuits prior to sensor assembly. To further analyze the surface morphology, a surface roughness
tester (Surftest SJ-210, Mitutoyo) was used to measure the surface roughness value (Rq, the root mean
square of the profile values) of screen-printed patterns.

To check the base capacitance of assembled capacitive sensors, the electrodes through the conductive
tracks were connected to an LCR Meter (B&K Precision 880 LCR Dual-Display Handheld Meter) as shown
in Figure 2 (d). The capacitance of the capacitive tactile sensor was acquired in real-time at a frequency of
100 kHz in parallel mode with a maximum measurement rate of 4 sample readings per second via an LCR
Software (B&K Precision) on a computer??. The capacitance signal readings were used to calculate the base
capacitance of the four different capacitive tactile sensor designs without any pressure applied.

To evaluate the electromechanical performance of the assembled sensor designs, the sensors were
subjected to compression tests using a universal tester (Instron 5848 Microtester) while the sensors’
capacitance signals were acquired in real-time using the aforementioned Sensor-Computer interface. To
mimic tool-tissue interaction during neurosurgeries with brain tissue (shore hardness 4.5 + 1.5 Shore 00), a
silicone rubber tip (EcoflexTM 00-10, Smooth-On Inc., East Texas, PA) of 24 mm? cross-section similar to
dimensions of the gripper jaw surface area with shore hardness of 10 Shore 00 was fabricated and attached
to the universal tester to apply perpendicular forces to the surface of the sensor?'.22. Sensor performance and
sensitivity of the four different capacitive tactile sensor designs from this setup were recorded, graphed, and
analyzed for comparison.

Sensitivity (S) for the capacitive sensor was calculated as per the following equation:
§(AC/C

S = ( 5; 0) )

AC=C—-Cy, (2)
where C, is the base capacitance (initial capacitance without pressure), AC is the relative change of
capacitance and P is the applied pressure on the sensor?324, The pressures applied in this study are based
on the forces applied on the interior gripper jaw of the surgical tool (24 mm?2). Force and pressure applied on
the sensor are used interchangeably in this study due to the small surface area of the tactile sensor
customized for the surface of the interior gripper jaw of the surgical tool.

3. Results and Discussion

3.1 Dielectric Ink Characterization

The purpose of the dielectric (insulator) ink characterization is to formulate a screen-printable TPU ink to print
the dielectric layer, liner layer and spacer layer in the design of the proposed capacitive tactile sensor to
separate the parallel superimposing electrode surfaces. The formulated tunable dielectric ink consists of two
components; thermoplastic polyurethane as elastomer and dissolving solvents namely; DMF and THF. Pure
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TPU was tuned to 10 wt%, 15 wt%, 20 wt%, 25 wt% and 30 wt% with DMF and THF solvents to determine
optimum TPU ink constituents for the fabrication of TPU sub-layers and micro-structured TPU dielectric layers
for the capacitive tactile sensor. Four rheological properties; high viscosity (approximately 1—-100Pa-s for 1—
103 s7'), shear thinning (1-2.5 Pa-s at high shear rate), gel-like viscoelastic behaviour (G’ > G”), and
thixotropic behaviour (quick thixotropic recovery rate) of the TPU inks were tested to verify efficient and high
quality deposition for optimum sensor sub-layer fabrication7.25.26.27,
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Figure 3. Rheology behaviour of TPU-DMF-THF ink (a) Flow curve, (b) Amplitude sweep, (c) Step Test,
(d) Surface SEM of large screen-printed pattern (x100) for (i) 10 wt%, (ii) 15 wt%, (iii) 20 wt%, (iv) 25 wt%,
and (v) 30 wt% TPU-DMF-THF, and (e) Surface SEM of screen-printed micro-structured pattern (x100) for
(i) 10 wt%, (ii) 15 wt%, (iii) 20 wt%, (iv) 25 wt%, and (v) 30 wt% TPU-DMF-THF.

Rheological characterization results in Figure 3 (a), (b) and (c) indicated that 20 wt%, 25 wt% and 30 wt%
TPU-DMF-THF ink solutions had high viscosity, a quick thixotropic recovery rate, high shear thinning and
adequate gel-like viscoelastic behaviour. 10 wt% and 15 wt% TPU-DMF-THF ink solutions, on the other hand,
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demonstrated low viscosity, low shear thinning and fluid viscoelastic behaviour (G” > G’) at certain shear
strains?8. As per Glasser et al., gel-like viscoelastic inks were preferred for ease of screen printing due to their
high shear thinning property and gel-like viscoelastic behaviour (G’ > G”) properties?®. The results of the
amplitude sweep in Figure 3 (b) show that 20 wt%, 25 wt% and 30 wt% TPU-DMF-THF ink demonstrated
gel-like viscoelastic behaviour (G’ > G”). Moreover, with increasing TPU content, storage modulus (G’)
subsequently increased making the ink more elastic and faster to regain its structure after deformation.

To verify the rheological results and to determine optimum TPU ink concentration for fabrication of TPU sub-
layers and micro-structured TPU dielectric layers, the inks were screen printed using a 4 x 4 cm square
pattern (large pattern) and a series of 100 uym line width pattern (micro-structured pattern) onto polyimide
substrate. The large pattern was used to determine efficiency and quality of prints for the large printed surface
while the micro-structured pattern was used to determine feasibility of printing 100 ym line width
microfeatures for developing the four differing dielectric morphology designs. Figure 3 (d) shows the SEMs
of the surface morphology of screen-printed TPU on the large surface for the different concentrations.
Micropores and voids were identified for 25 wt% and 30 wt% TPU-DMF-THF prints from evaporation of the
solvents when dried while 10 wt%, 15 wt% and 20 wt% TPU-DMF-THF ink produced adequate print quality
with minimal traces of voids or micropores. The surface tension and mesh size also influence the resulting
surface morphology with undulating shapes in Figure 3 (d) and (e) of the screen-printed TPU patterns. The
measured thickness of the cross-section of screen-printed TPU layer for 100 ym line width for 10 wt%, 15
wt%, 20 wt%, 25 wt% and 30 wt% TPU-DMF-THF was 8.47 + 2.60 ym, 9.16 £ 2.69 ym, 10.12 £ 2.43 um,
10.75 + 3.03 ym and 10.91= + 3.54 um respectively (n = 5 for each ink). The calculated wet thickness based
on the screen printing mesh, as per the manufacturer, is 25 ym. The calculated dry thickness for screen-
printed TPU layer for 10 wt%, 15 wt%, 20 wt%, 25 wt% and 30 wt% TPU-DMF-THF is 2.5 ym, 3.75 ym, 5
pum, 6.25 um and 7.5 uym, respectively, if all the solvent evaporated. The surface SEM of screen-printed 100
pum line width pattern in Figure 3 (e) showed that 20 wt% TPU-DMF-THF ink produced the best quality of
prints with minimal bleeding and a margin of error of 6.85% for the 100 um line width pattern. The surface
roughness (Rq) of screen-printed TPU for 100 um line width for 10 wt%, 15 wt%, 20 wt%, 25 wt% and 30 wt%
TPU-DMF-THF was 5.64 £ 2.49 uym, 5.87 + 2.53 ym, 6.44 + 2.48 ym, 7.42 £ 3.03 ym and 7.85 + 4.47 ym
respectively (n = 5 for each ink). Based on the print quality and the rheological characterization results, 20
wt% TPU-DMF-THF ink was chosen for screen printing the micro-structured dielectric layer, liner layer and
spacer layer for the proposed capacitive tactile sensor.

3.2 Dielectric Layer Design Optimization

To improve the sensitivity and performance of the proposed capacitive tactile sensor, four dielectric layer
designs were developed with varying surface morphologies as shown in Figure 2 (c) and then screen printed
onto screen-printed electrode substrates. Each design involved a different surface area of TPU which
impacted the structural properties of the dielectric layer and in turn affected the change in capacitance during
compression of the overall sensor'®28, The four developed dielectric layer designs consisted of Design A, B,
C and D with TPU microstructures of surface areas of 15 mm?2, 6 mm?, 8.33 mm? and 4.24 mm? respectively.
Figure 4 (a) depict the SEM of the surface morphology of printed dielectric layer designs on screen-printed
electrode substrates.

The top layer and bottom layer with corresponding dielectric layer designs (Design A, B, C and D) were
assembled as outlined in Figure 2 (b) and 5 sensors for each design were fabricated. The base capacitance,
C,, of each fabricated sensor was verified to ensure adequate construction and lamination. The measured
base capacitance, C,, of the assembled capacitive tactile sensors for Design A, B, C and D averaged 9.48 +
0.63 pF, 7.77 =+ 0.61 pF, 8.41 + 0.43 pF and 7.36 + 0.44 pF, respectively (n = 5 for each design) (See
Supporting Information, Table S1 for base capacitance for each dielectric layer design). A margin of error of
7.6%, 12.1%, 11.5% and 15.9% was obtained when comparing the measured base capacitance with the
calculated values for Designs A, B, C, and D, respectively. The calculated base capacitance values of 8.81
pF, 6.93 pF, 7.54 pF and 6.35 pF for Design A, B, C and D, respectively, were determined using the area of
overlapping parallel facing electrodes (A = 15 mm?2) and separation thickness (d) of the series mix of dielectric
mediums (air gap, &, 4;,-=1, and 2 dielectric TPU layers, ¢, rpy=4, at total thickness, d, of 30 um for each
design) (See Supporting Information for Base Capacitance Calculation). The margin of error between



measured and calculated base capacitance for the fabricated sensors can be associated with assembly and
fabrication errors.
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Figure 4. (a) SEM of surface of screen-printed 20 wt% TPU dielectric on electrode with liner x15 for (i)
Design A, ii) Design B, iii) Design C and iv) Design D, (b) Characterization of dielectric layer and
performance of 5 fabricated sensors with different TPU dielectric morphologies for Design A, Design B,
Design C and Design D (n = 5, error bars denote s.d.).

To investigate the effect of dielectric morphology on sensor performance, 5 fabricated sensors for each
design were subjected to compressive loadings while the capacitance was acquired in real-time using the
sensor-computer interface with the LCR meter. Figure 4 (b) shows the capacitance change due to the
influence of compressive loads on the assembled capacitive sensors for Designs A, B, C and D (See
Supporting Information, Figure S1 for average performance for sensors for Designs A, B, C and D). Based
on the response, two distinct linear pressure ranges with corresponding sensitivities were identified for all
four variations of the sensor. The sensitivities of the sensors were determined by the slope of the linear fits
on the curve (relative change of capacitance with change in applied pressure). Based on literature,
microstructures in the design of elastomer dielectrics can affect the deformation of the dielectric layer thereby
affecting the separation between the electrodes (d) and capacitance during compression'. In this study,
microstructures in the design of the dielectric were observed to increase the relative change of capacitance
which can be rationale by an ease and increase in deformation of the dielectric (decrease in d). Furthermore,
a decrease in hysteresis and improved sensitivities (in low pressure range) was associated with the dielectric
layers with microstructures. Non-patterned dielectric design (Design A) had the smallest relative change of
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capacitance upon compression while Designs B and D exhibited more hysteresis, noisy responses, and low
sensitivities. Hence, with a high relative change of capacitance (0 — 2.8), minimal hysteresis and high
sensitivities for loading and unloading, Design C with surface area of 8.33 mm?2 was chosen as the best
candidate for the dielectric layer design of the capacitive tactile sensor.

3.3 Assembled Sensor Fabrication and Working Mechanism

(a)
(i)
Connection=
Pads

Conductive+

Tracks
100 pm

Sensing

area

Electrode

Liner

(b)

NO LOAD SMALL PRESSURE LARGE PRESSURE
Air Gap TPU Elastic Deformation
] 1
Electrode Polyimide Film TPU

Figure 5. (a) Characteristics of printed film (i) Photograph image of capacitive tactile sensor printed on
polyimide substrate, (ii) Optical microscopic image of surface of screen-printed electrode with liner x4, (iii)
Optical microscopic image of surface of screen-printed Bottom layer (electrode with liner, Dielectric Design
C and spacer layer) x4, (iv) SEM of surface of Top layer x15, (v) SEM of surface of Top layer (screen-
printed 20 wt% TPU) x100, (vi) SEM of cross-section of Top layer x25, (vii)) SEM of cross-section of Top
layer x150, (b) Schematic illustration of capacitive transduction method and working mechanism of
capacitive tactile sensor.

The proposed capacitive tactile sensor used dielectric Design C in the multilayered sensor design. The
average base capacitance for the proposed sensor with dielectric Design C was 8.41 + 0.43 pF (n=15). The
multiple layers were screen-printed in chronological order, and then the top layer and bottom layer were
superimposed, laminated, and sealed as shown in Figure 5 (a) (i). Figure 5 (a) (iv) and (v) shows the SEM of
the surface morphology of screen-printed top layer with dielectric Design C prior to assembly. The SEM image
shows a grid-like micro-structured TPU layer with spacing and line width of 95.13 £ 11.16 ym (n = 10). For
100 um line width of screen-printed electrode layer ((n = 5), the calculated wet thickness of the screen-printed
silver electrode was 25 um, the measured thickness was 10.36 + 0.63 uym and the measured surface
roughness, Rq, was 3.51 + 0.63 ym. The geometric dimensions of the assembled sensor involved a sensing
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area of 15 mm?2 (A) with 0.5 mm clearance and an overall thickness of 100 £ 3 um (n = 10) um to meet the
physical requirements for attachment to the 24 mm? surface area of the interior jaw of the magnetically-
controlled microgripper to adequately monitor grasping forces during endoscopic intraventricular surgeries.
In comparison with previous reports on screen-printed capacitive pressure sensors in Table 2, it is seen that
the geometry, thickness and size of existing sensors are not suitable for attachment to the interior jaw of the
magnetically-controlled microgripper.

The working mechanism of the capacitive tactile sensor can be divided into two modes; firstly, structural
deformation of the top layer into the air gap, S1, and secondly elastic deformation of the TPU dielectric layer,
Sz, as shown in Figure 5 (b). For S1, when small pressures are applied, the structure of the top layer—which
includes the polyimide, top electrode, and dielectric layer—deforms into the air gap between the top and
bottom dielectric layers. This deformation compresses the air dielectric medium, reducing the separation
between the electrodes. Since air is a compressible medium, it absorbs the deformation by decreasing in
volume without being displaced and without affecting the seal's integrity. Upon loading with large pressures
for Sz, the grid-like TPU microstructures undergo elastic deformation, compressing into the spacing between
them and reducing the overall thickness (d) of the TPU dielectric medium. This compression continues to
decrease the distance between the electrodes, further increasing the capacitance. During unloading for Sz,
the grid-like TPU layer regains its initial shape, thereby increasing the thickness (d) of the dielectric medium
between the electrodes. When small pressures are removed (S1), the compressed air within the dielectric
gap decompresses and returns to its original volume. The TPU liner facilitates this decompression by acting
as a cushion, ensuring the air gap regains its initial shape without causing mechanical stress to the overall
structure. Overall, the deformation due to applied pressure on the sensor changes the thickness (d) of the
series of dielectric medium within the sensor assembly which in turn, varies the capacitance signal acquired
in real-time.

3.4 Sensor Electromechanical Performance

To characterize the proposed assembled capacitive sensor, the Sensor-Computer interface with the LCR
meter was connected to the sensor while subjecting it to cyclic compression tests using a universal tester for
10 fabricated sensors (n = 10). The characterization is depicted in Figure 6 and Figure 7. The assembled
capacitive sensors with dielectric Design C’s sensor performance are summarized in Table 1 and compared
with existing screen-printed capacitive sensors in Table 2.

A. Range and Time Response

To determine the minimum pressure detectable by the sensors (n = 10), the ratio of relative change of
capacitance to initial capacitance was calculated based on the acquired capacitance signal at a loading
frequency of 2.71 kPa/s. This signal was then superimposed with the stimuli reference pressure signal, using
the signals’ timestamps as reference points, shown in Figure 6 (a) and (b). Based on the graph, the sudden
rise in capacitance signal was used to determine the minimum detectable pressure. Through multiple tests
for each sensor, the average minimum detectable pressure was 0.44 + 0.2 kPa at 4 s. To determine the
working range of the sensor, the relative capacitance to initial capacitance ratio was mapped against the
stimuli reference pressure to establish a capacitance signal-pressure relationship as shown in Figure 6 (c).
Based on the working mechanism of the sensor and the signal pressure mapping, two distinct working ranges;
low pressure range (S1) and large pressure range (Sz2) were identified. S1ranged between 0.42 — 6.25 kPa
and Szranged between 6.25 — 54.2 kPa. The sensor detected a maximum peak signal at 54.2 kPa.

Based on the signal-pressure mapping (Figure 6 (c)), a working range of 0.42 — 54.2 kPa (0.01 - 1.30 N
applied on 24 mm? of gripper jaw) was determined to be apt for minimally invasive endoscopic intraventricular
surgeries. This range is suitable because it overlaps with the force range associated with brain injury, which
is between 0.49 - 0.88 N, and 70% of surgical tasks in neurosurgery require forces of less than 0.3 N0.29,
Furthermore, based on the design requirements of the microgripper, grasping forces up to 0.181 N (7.54 kPa)
was targeted for microneurosurgical procedures which is well within the pressure/force range of the proposed
capacitive sensor for monitoring grasping performances?5. Using Figure 6 (a), the delay, t, between the peaks
of the reference pressure and the acquired capacitance signal were compared to determine the sensor time
response and a calculated value of 110 + 40 ms was obtained, which is within the unnoticed time delay (200

11



ms) by surgeons as per literature and is superior to current screen-printed capacitive pressure sensors, as
shown in Table 2%,
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Figure 6. (a) Capacitive tactile sensor response to cyclic compression loading at frequency of 2.71 kPa/s for
pressure range of 0 - 54.2 kPa (n = 10), (b) Response of Capacitive tactile sensor for small pressure ranges
(n =10), (c) Sensor signal-pressure relationship between 0 and 54.2 kPa for loading and unloading (n = 10),
(d) Bi-linear modelling of sensor signal-pressure relationship between 0 and 54.2 kPa for loading and
unloading for S+ and Sz (n = 10, error bars denote s.d.), (e) Sensitivities for small and large pressure ranges
for loading and unloading of the proposed capacitive tactile sensor (n = 10, error bars denote s.d.).

B. Sensitivity and Hysteresis

To analyze the characteristics of the working ranges of the sensor, linear fitting curves as shown in Figure 6
(d) were used to model the signal-pressure relationship for S1 and Sz for both loading and unloading. The
linearity of the models was ensured by maintaining correlation coefficient R2 values greater than 0.90. Using
the slope of the linear fit, the sensitivities for loading and unloading for low pressure ranges, S1, were
determined as 0.224 + 0.007 kPa'and 0.244 + 0.001 kPa" respectively. A paired t-test was used to compare

12



the mean loading and unloading sensitivities to determine whether there is a statistically significant difference
between them. Based on a 95% confidence interval, the sensitivity difference for loading and unloading for
S1 were insignificant (p = 0.13 > 0.05). For large pressure ranges, Sz, based on the linear fittings, the
sensitivities for loading and unloading were 0.0270 + 0.0008 kPa' and 0.0240 + 0.0002 kPa"' respectively.
The sensitivity difference for Sz for loading and unloading is significant based on a 95% confidence interval
(p = 0.005 < 0.05).
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Figure 7. (a) Measured sensor response and reference pressure under different loading frequencies (i) 0.54
kPals, (ii) 2.71 kPals, (iii) 5.42 kPal/s, (iv) 8.33 kPa/s and (v) 10.8 kPa/s (n = 10), and (b) Photograph of
assembled Capacitive Tactile Sensor with Dielectric Design C layer attached to lower jaw of Microgripper.

Figure 6 (e) outlines the difference between the two linear ranges and their respective loading and unloading
sensitivities. With increasing pressure, there is, therefore, a significant decrease in sensitivity during the
transition between the small pressure range and large pressure range. These sensitivities are comparable to
existing screen-printed capacitive pressure sensors of similar sizes, as shown in Table 2. The maximum
hysteresis was observed to occur in the working range of Si at 1.7 kPa with the largest signal deviation
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between loading and unloading with an error value of £ 8.8%. Overall, the capacitive sensor experienced low
hysteresis (< 10%) which ensures quality of tactile feedback for monitoring tool-tissue manipulation during
minimally invasive endoscopic intraventricular surgeries?°.

C. Resolution and Repeatability

To determine resolution, a sample size of 10 capacitive tactile sensors were analyzed. Using Figure 6 (b),
the smallest pressure required to create a change in the ratio of relative change of capacitance to initial
capacitance by 0.01 was an average resolution of 0.58 kPa. This is relatively high and could stem from
equipment limitations and a low sampling rate. For repeatability and to verify performance for multiple loading
and unloading cycles during surgery, the tactile sensor was subjected to 5 cyclic loadings at high and low
pressures for frequencies 0.54 kPa/s, 2.71 kPals, 5.42 kPals, 8.33 kPa/s and 10.8 kPa/s. The relative
capacitance change was superimposed against the reference stimuli pressure for each frequency as shown
in Figure 7 (a). The results indicated no significant changes in capacitance for increasing frequencies for the
same loading based on the peak low and high signals. The tactile sensor demonstrated considerable
stabilities over 5 cycles with an average decay between peaks of 0.48%, 1.78% 1.85%, 1.57% and 1.30%
for frequencies of 0.54 kPa/s, 2.71 kPal/s, 5.42 kPa/s, 8.33 kPa/s and 10.8 kPa/s respectively. With a decay
of less than 5%, the sensor indicates good sensor stability performance to be potentially used in RMIS
application. Furthermore, the sensed pressure indicated no declination with increasing loading frequencies.

Table 1: Summary of Capacitive Tactile Sensor Performance after Optimization (n = 10)

Description Value
Minimum Detectable Pressure 0.44 + 0.2 kPa
Time Response 11040 ms
Sensitivity
S1:
0.42 — 6.25 kPa (Loading) 0.224 +0.007 kPa™
0.42 — 6.25 kPa (Unloading) 0.244 + 0.001 kPa"
S,
6.25 — 54.2 kPa (Loading) 0.0270 + 0.0008 kPa™
6.25 — 54.2 kPa (Unloading) 0.0240 + 0.0002 kPa™

S+ p =0.13 > 0.05 (Not Significant)
S,: p = 0.005 < 0.05 (Significant)

Resolution 0.58 kPa

S1:0.42 - 6.25 kPa
S: 6.25 — 54.2 kPa

Hysteresis At 1.7 kPa (8.8%)

Sensitivity Difference

Range

Table 2. A summary of the reported performance of existing screen-printed and partially screen-printed
capacitive pressure sensors.

Dielectric Electrode Thickness G S(X\smg L SLoafil_n_g Response Ref
material material [um] eometry rea pressure ensitivity time [ms] ef.
[mm?] range [kPa] [kPa™"]
PDMS Ag 200 Rectangle 200 800-1.8 x 10* - - &
PDMS Ag 48.2 Square 144 200-2400 - - 32
P(VDF- 3.3x10%- 33
TIFE) Ag 139 Square 1 5 5x10* - -
0-450x107° 2.9
g[':\)ll\ass/ Ag - Square 100 - 34
450%107- 1.87
850%10°
A'”ggggex' PEDOT-PS 2800 Square 3600 ~60 to 20 0.34 3
Parylene C Ag - Square 144 0.07-1.39 0.124 580 + 50 3%
. 0.44-625 0.224 This
Air/TPU Ag 100 Rectangle 15 6.5 — 54.2 0.0270 110 + 40 -y

14



4. Conclusion

This work demonstrated that screen printing technology could be used in place of photolithography and
chemical etching to fabricate high performance capacitive tactile sensors to be mounted onto unique interior
gripper surfaces of millimeter-scale surgical tools used in RMIS to potentially improve grasping performances
and quality of endoscopic intraventricular surgeries. To demonstrate this, in this study, the capacitive sensor
was customized for the interior jaws of a 4 mm diameter surgical tool prototype as shown in Figure 7 (b) to
remedy size (scale), sensibility and sensitivity limitations unique to endoscopic intraventricular surgeries®.

For future work, the proposed sensor could be attached to the interior jaw of the microgripper wirelessly with
inductive coupling within the inner groove of the microgripper tool. Alternatively, the conductive tracks and
connection pads could be designed to pass through the inner groove of the tool (groove shown in Figure 1
(b)). These designs would avoid impacting the base capacitance and prevent any interference with the
grasping or navigation of the surgical tool during RMIS. To further decrease the thickness of the tactile sensor
and avoid impeding grasping performance, the sublayers of the capacitive tactile sensor could be directly
printed onto the smooth, flat, and rigid surface of the interior of the 3D-printed microgripper jaws. These
sublayers could then be coated with a biocompatible polymer composite that provides shielding against
electromagnetic interference. This might also eliminate attachment hurdles when mounting the sensors onto
the tool. Data acquisition equipment with a higher sampling rate could be used to acquire tactile information
in real-time and to verify resolution and repeatability more accurately. To characterize the sensor further, the
sensitivity models for each pressure range could be used to map tactile pressures subjected to the sensor.
The tactile feedback could be used to verify accuracy of the model and the sensor against the stimuli
reference pressure. Next steps for the capacitive tactile sensor’s development would involve calibration and
optimization for clinical application (ex-vivo, in-vivo, and cadaver studies) to test sensor performance and
quality of tactile feedback. The findings in this study can be expected to improve performance, quality, and
safety of endoscopic intraventricular surgeries and RMIS.

5. Supporting Information

Supporting Information: Average performance of capacitive tactile sensors with different TPU dielectric
morphologies; detailed calculation of base capacitance of capacitive tactile sensors; base capacitance
analysis of fabricated capacitive sensors; additional figures (PDF)
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