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This study presents the investigation of detection interface for the inductive type tactile sensor consisted
of a polymer encapsulated CMOS chip with coils and a magnetic bump. The normal tactile load will change
the distance between the magnetic bump and coils, and the tactile load is then detected by the magnetic
flux change of the coils. Thus, the detection interfaces include (1) the magnetic bump which acts as the
contact interface, and (2) the coils (on the CMOS chip) which act as the signal pick-up interface. For
the contact interface, the size and material of the magnetic bump will influence the magnetic flux of the
inductive tactile sensor. The signal outputs resulted from the magnetic tactile bumps of different materials
and sizes are studied. Moreover, the force responses, hysteresis measurements, and misalignment issues
Micro tactile sensor for magnetic bumps of different sizes are also investigated. For signal pick-up interface, two coil designs
Contact interface are presented to offer different sensing approaches for the inductive tactile sensor. Since the CMOS
CMOS chip is implemented using the commercially available standard process (the TSMC 0.35 wm 2P4M CMOS
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process), multi-layer coils are achieved by using the four metal films.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Tactile sensor plays an important role to receive touch and con-
tact information. Presently, tactile sensors have been extensively
employed in many different fields such as the robotic, industrial,
and medical applications. Moreover, the touch information can be
further utilized for the analog output controller (e.g. the multi-
stage button for consumer products to enhance the user experience
[1,2]). There are various design considerations to improve the per-
formances of tactile sensors and further boost their applications.
For instance, the tactile sensor with higher spatial resolution could
imitate the human fingertips to enhance the manipulation capabil-
ity of robotics [3]. In addition, the compact size tactile sensor can
be embedded in handheld devices for consumer applications [2]. By
using the micromachining batch fabrication processes, the MEMS
(Microelectromechanical Systems) technology could fabricate and
integrate compact size sensing devices. Thus, MEMS is a promising
approach to extend the applications of the tactile sensor, and the
MEMS tactile sensors have been extensively investigated [4-21].

The capacitive type [4-10], and the piezo-resistive type [10-21]
are the two most common sensing mechanisms for the MEMS tac-
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tile sensors. Moreover, various process technologies, such as the
polymer-based process [4,11], the SOI-based process [5,6,12-16],
the CMOS process [7-10,17,18], and so on, have been developed
to implement the capacitive and piezo-resistive tactile sensors.
In general, the capacitive type tactile sensor has higher sensitiv-
ity while the piezo-resistive type tactile sensor has larger sensing
range. For capacitive and piezo-resistive type tactile sensors, the
sensing signals are resulted from the deformation of flexible and
suspended MEMS structures. Consequently, the initial deforma-
tions of the suspended MEMS structures due to residual stresses
would be a design concern. Moreover, the suspended thin film
structures are typically fragile and could be damaged by the con-
tact tactile loads. Among the existing fabrication technologies,
the CMOS process is a mature and foundry-available solution
[7-10,17,18]. However, the suspended CMOS-MEMS structures
usually have unwanted deformation due to the thin film residual
stresses [8-10,17,18], or the CTE (coefficient of thermal expan-
sion) mismatch of thin films [22]. The tactile sensor with inductive
type sensing mechanism also attracts attention recently [23-29].
The inductive tactile sensor is consisted of the coil and the con-
tact interface to cause and also detect the inductance variation
[24-26,28,29]. Thus, the CMOS process has been adopted in [26-29]
to achieve the inductive tactile sensor with no fragile suspended
thin film structures.

There are several design considerations for the inductive tac-
tile sensors reported in [26-29] despite their various advantages.


https://doi.org/10.1016/j.sna.2019.111545
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2019.111545&domain=pdf
mailto:fang@pme.nthu.edu.tw
https://doi.org/10.1016/j.sna.2019.111545

2 S.-K. Yeh et al. / Sensors and Actuators A 297 (2019) 111545

(a) Isotropic view

(b) AA’ cross section view

- o

Magnetic bump

IV/"\W'it
h

CMOS chip with vertically
integrated coils

( \

; . i Rigid magnetic bump

! Magne:tlc / (as contact interface)

; material : .

Y A ! Flexible polymer
(as spring)

Sensing coil mEmmg mmmm=
Driving coil mmmm =====

CMOS chip with planar coils
(as signal pick-up interface)

Fig. 1. The schematic illustrations of the proposed tactile sensor design consisted of the CMOS chip with coils, encapsulated polymer, and the magnetic bump, (a) the bird’s

eye view, and (b) the AA’ cross-section view.

For example, the chrome steel ball contact interface in [26] could
be peeled off by shear force. The distance and size of the sensing
coil on the PCB could reduce the pick-up signal [27]. Thus, this study
focuses on the investigation of the detection interface for the induc-
tive type tactile sensors in [26-29]. The detection interfaces include
the contact interface on the magnetic bump and the signal pick-up
interface on the CMOS chip. In application, the laser-cut magnetic
bumps of different sizes and materials act as the contact interfaces
for tactile loads. The sensor performances such as the sensitivity,
sensing range, and hysteresis, for magnetic bumps of different sizes
and materials are investigated. The sensing signals influenced by
the alignment of magnetic bumps with the sensing coil are also
studied. Moreover, the inductive tactile sensors in [26-29] lever-
age the benefits of multi-layer stacking standard CMOS process
(TSMC 0.35 pm 2P4M CMOS process) for the implementation of
magnetic coils. Thus, the two signal pick-up interfaces of the device,
the single-coil and dual-coils of the CMOS sensing chip, have been
investigated. The inductance sensing using the single-coil CMOS
chip and the voltage sensing using the dual-coils CMOS chip are
demonstrated. By using the multiple metal layers available from
the CMOS process, the driving and sensing coils are implemented
and vertically integrated. As compared with the design with the
sensing coil on PCB [27], the sensitivity is significantly improved.

2. Detection interfaces and the design considerations
The schematic illustration in Fig. 1a shows that the proposed

inductive type tactile sensor is mainly consisted of a CMOS chip
with coils. The CMOS chip is encapsulated by polymer and then

integrated with a magnetic tactile bump (square plate with dimen-
sions WpxWpxh). As displayed in the zoom-in illustration, by
exploiting the available metal layers in the standard foundry pro-
cesses, magnetic coils of different designs can be implemented and
integrated into the CMOS chip. Fig. 1b further indicates the AA’
cross-section of the proposed tactile sensor. The coils on-chip are
used to generate and pick-up the magnetic flux. As the tactile load
is applied on the magnetic bump (contact interface of the sen-
sor), the flexible polymer acting as the spring will be deformed.
The distance between the magnetic bump and the coils will also
be changed. As a result, the magnetic flux change detected by the
coils is used to extract the tactile load. In summary, the character-
istics of the present tactile sensor are influenced by two interfaces
(named detection interfaces): (1) the contact interface on the mag-
netic bump, and (2) the signal pick-up interface on the CMOS chip.
As depicted in Fig. 2a, the size (WpxWpxh in Fig. 1a) and material
of the magnetic bump will change the distribution of the magnetic
flux induced by the coil. Moreover, different coil designs for the
signal pick-up interface can be achieved by using the available four
metal layers (metal-1 to metal-4 layers) in the CMOS process. For
instance, the CMOS chip design in Fig. 2a has only a single-coil (con-
sisted of metal-3 and metal-4 layers) for both driving and sensing.
The AC signal is introduced into the coil to generate the magnetic
flux. The tactile load applied on the sensing chip will cause the vari-
ation of magnetic flux and then the magnetic flux is further detected
by the same coil through the inductance change (AL, from Ly to
Ls). The equivalent electrical-mechanical model (including mag-
netic bump, mechanical spring, and the sensing coil with AC input)
is also illustrated. In addition, the CMOS chip design in Fig. 2b is
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Fig. 2. The sensing mechanisms of the proposed inductive type tactile sensor using different signal pick-up (cross-section of AA’ in Fig. 1), the displacement of the magnetic
bump caused by the tactile force will lead the magnetic flux change on sensing coil, and then (a) detected by the inductance signal change on the single-coil sensing design,

and (b) detected by the voltage signal change on the dual-coils sensing design.

equipped with a driving coil (consisted of metal-1 and metal-2 lay-
ers) and a sensing coil (consisted of metal-3 and metal-4 layers).
According to the mutual inductance between these two coils, the
variation of magnetic flux (from driving coil) due to the tactile load
is detected by the voltage change of sensing coil (AV, from V; to Vs).
The equivalent electrical-mechanical model is also presented. To
improve the performances of inductive sensors [26,27], the influ-
ence of detection interfaces including the tactile bump and coils are
investigated.

The commercial finite element method (FEM) softwares (includ-
ing ANSYS and Ansoft Maxwell) are utilized to predict sensor
performances and characteristics. The polymer deformation of the
tactile sensor resulted from the tactile load is predicted by ANSYS
first, and then the magnetic flux change of planar coil is simulated
by Ansoft Maxwell. To meet the requirement of minimum spatial
resolution of the human finger for micro tactile sensor applications
[3], the in-plane dimensions of the sensing coil are designed to
be 0.6 x 0.6 mm?2. The size effect of the square magnetic bump is
then investigated. Fig. 3a presents the simulation results and the
cross-section scheme of the magnetic flux distribution of the planar
sensing coil after the input of current. Simulation results in Fig. 3b
show the inductance change of coil ALy (no tactile load is applied)
before and after adding the square magnetic bump of different sizes
(0.4 x 0.4 mm? to -1.2 x 1.2 mm? with 300 um thickness) on top of
the coil. Note that the gap between the coil and the magnetic bump
was roughly selected as 10 wm (by considering the thickness of the
passivation layer and the flatness of magnetic bump and the CMOS
chip). Moreover, the magnetic bumps smaller than 0.4 x 0.4 mm?
are not investigated in simulations since they are difficult to han-
dle during the fabrication processes. Simulation results indicate the
inductance change of coil ALy is increased with the size of the mag-
netic bump. As limited by the area of magnetic flux from the coil (as

shown in Fig. 3a), the ALy has no significant change when the size
of the magnetic bump exceeds 0.8 x 0.8 mm?Z. In short, the mag-
netic bumps investigated in this study are ranging from 0.4 x 0.4
mm? to 0.8 x 0.8 mm?.

In this study, the nonlinear Mooney-Rivlin model is employed
in FEM to evaluate the large deformation of polymer [30-32].
To simplify the numerical analysis of the proposed device, the
Mooney-Rivlin model with two parameters is used [32],

W =Cio(lh —3)+Co1(I2 -3) (1)

where W is the strain energy density, Cio, Cp; are Mooney-Rivlin
constants, and Iy, I, are the first and second strain invariants,
respectively. A 210 pm thick polymer with a rigid square bump of
0.8 x 0.8 mm? is prepared as the test sample to extract the Mooney-
Rivlin constantsin Eq. (1). Measurements in Fig. 4 show the polymer
deformations of the test sample after loads applied on the bump.
By curve fitting of the results in Fig. 4, the Mooney-Rivlin constants
are extracted as C;g =0.1 MPa and Cyp; =0.0625 MPa. After that, the
polymer deformations of sensors with different bump sizes are pre-
dicted by the FEM. Fig. 5 shows the simulation results of the sensors
with five bump sizes (0.4 x 0.4 mm?2, 0.5 x 0.5 mm?, 0.6 x 0.6 mm?,
0.7 x 0.7 mm?, and 0.8 x 0.8 mm?). Firstly, simulations in Fig. 5a
present the variation of polymer deformations with tactile loads.
For a given tactile force, the smaller bump will introduce a higher
pressure load and a larger deformation on the polymer. Moreover,
the saturation of the forces is also observed in the simulation of dif-
ferent bump sizes. Secondly, simulations in Fig. 5b further depicts
the variation of inductance change AL with the gap (10 um210 pm)
between the bump and coils. Similar to the prediction in Fig. 3, the
bump with larger planar dimension could receive more magnetic
flux and hence has higher inductance. By combining the simulation
results in Fig. 5a and b, the variation of inductance change AL with
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Fig. 3. Simulation results of signal variation for the different sizes of the magnetic bump: (a) the simulated magnetic flux distribution of the planar sensing coil, and (b) the
inductance change of coil ALy before and after adding the square magnetic bump of different sizes on top of the coil.
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Fig. 4. Load-deformation tests on polymer specimen to extract the polymer material constants for FEM model.

tactile load is further determined in Fig. 5¢. In summary, according
to the linear fit (99%) of simulation results in Fig. 5c, as the tac-
tile bump size is increased from 0.4 x 0.4 mm? to 0.8 x 0.8 mm?,
the sensing range is increased from 00.6 N to 03.8 N, whereas the
sensitivity is decreased from 13.6 nH/N to 3.4 nH/N.

Finally, the dual-coils (sensing and driving coils) design is also
investigated in this study. The coupling coefficient between the
driving and sensing coils would affect the voltage output of the
sensing coil. For dual-coils design, this study fabricates and further
vertically integrates the driving and sensing coils using the CMOS
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Fig. 5. Simulation results: (a) the polymer deformation when tactile loads are applied on the magnetic bump of different sizes, (b) the variation of inductance change with
the gap between the magnetic bumps and the sensing coil, and (c¢) the inductance change when tactile loads are applied on the magnetic bump of different sizes.

process. Thus, both of the driving and sensing coils have the planar
dimensions of 0.6 x 0.6 mm?, and the distance between the sensing
and driving coils is 1 wm. As compared with the design in [27], the
sensing coil on the chip is 0.5 x 0.5 mm?, however, the driving coil
on PCB (printed circuit board) is 16 x 16 mm?Z. Moreover, the dis-
tance between the driving and sensing coils is 1.6 mm. According
to the simulation from Ansoft Maxwell, the coupling coefficient of
the proposed dual-coils design is near 0.94, which is 1 order higher
than that of [27].

3. Fabrication and results

The fabrication processes of the proposed device are presented
in Fig. 6. The proposed tactile sensing chip with vertically inte-
grated coils was implemented by the TSMC 0.35 pm 2P4M standard
CMOS process and the in-house post-CMOS processes. Firstly, the
stacking of the dielectric layers and metal layers were fabricated by
using the standard TSMC processes, as illustrated in Fig. 6a. Note the

bond pads of the coils were exposed for electrical connection. After
that, as depicted in Fig. 6b, the CMOS chip was then wire-bonded
on PCB and the wires were protected by epoxy to prevent dam-
age. As shown in Fig. 6¢, the CMOS chip was then encapsulated by
the polymer (Dow Corning® SYLGARD PDMS 184) using the mold-
ing process. The initial gap hy between the magnetic bump and
CMOS chip defined in this process was 206 & 14 pm. As presented
in Fig. 6d, the magnetic bumps are fabricated by the laser cut from
commercially available metal sheets. After the curing of encapsu-
lated polymer on the CMOS chip, the magnetic bump was fixed
to the polymer-encapsulated sensing chip by using the polymer
adhesive. Note that the fabrication processes were simple, and no
fragile suspended thin film structures were required for the present
device.

The micrographs in Fig. 7a present the CMOS chips in the pack
and the zoom-in of the CMOS chip with coils. The planar dimension
of the driving coil (metal-1 and metal-2) is designed to be identi-
cal with that of the sensing coil (metal-3 and metal-4) to increase
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Fig. 6. Fabrication processes of the device, (a) the CMOS chip with sensing coils fabricated by the TSMC foundry using the standard process, (b) wire-bonding for electrical
connection, (c) CMOS chip polymer encapsulation and curing, and (d) pick-place and then fix, by adhesive polymer, the laser-cut magnetic bump to complete the device.

the coupling coefficient. Thus, the coils have planar dimensions of
0.6 x 0.6 mm?, and each coil has a total number of 25 turns. By using
the CMOS technology, the coils can be precisely defined, vertically
integrated, and aligned. The cross-section micrograph prepared by
the FIB (focus ion beam) in Fig. 7b shows the multi-layer stack-
ing of 2P4M CMOS chip. The metal-3 and metal-4 layers, and the
tungsten via to connect these two layers are observed. These layers
form the sensing coil. The metal-2 layer for the driving coil is also
observed (note the metal-1 layer is not shown in this cross-section).
Note all of the metal layers are protected by the dielectric films
through the CMOS process. The micrographs in Fig. 7c, respectively,
display various magnetic bumps with distinct materials and sizes.
In short, the materials adopted as the sensing interface including
the 304 and 430 stainless steel (abbreviated as SS) bumps and the
chrome steel ball (used in [26,27,29]). The commercially available
chrome steel ball has a diameter of 0.5 mm. The planar dimen-
sions of magnetic bumps prepared by laser-cut are 0.4 x 0.4 mm?,
0.5 x 0.5mm?, 0.6 x 0.6mm?, 0.7 x 0.7 mm?, and 0.8 x 0.8 mm?.
Note the accuracy of the laser cut process is +£5 wm. The thick-
nesses of 304 and 430 stainless steel bumps are 300 wm (with the
accuracy of £3 wm). Micrographs in Fig. 8 show the integration of
the CMOS sensing chip with bumps (430 stainless steel, denoted
as SS_dimension in the figure) of different sizes. The CMOS sensing
chip under the bump is wire bonded to the PCB to form the device
under test (DUT).

4. Results and discussions

This study has performed the experiments to evaluate the influ-
ence of the detection interface (including the magnetic bump and
sensing coils) on the inductive tactile sensor. Firstly, the inductance
changes resulted from different sizes and materials of magnetic
bumps are characterized. After that, various experiments to evalu-
ate the sensor performances (i.e. the sensing signals versus tactile
loads, hysteresis, and alignment issue) for devices of different con-
tact interfaces (i.e. the sizes and materials of magnetic bumps) are
performed. Finally, the influence of the dual-coils pick-up interface
(i.e. the vertically integrated magnetic coils on the CMOS chip) is
characterized. Table 1 summarizes the specifications and compar-
isons of the proposed CMOS inductive type tactile sensors using
different detection interfaces.

This study has established the tests in Fig. 9a to evaluate the
influence of the size and material of the magnetic bump. The induc-
tance signals of the sample without magnetic bump (CMOS chip
with a planar coil, the top one in Fig. 9a) were measured first.
After that, the magnetic bumps of different sizes and materials
were placed on the CMOS chip (the bottom one in Fig. 9a), and
the inductance signals of these samples were also measured. Mea-
surements in Fig. 9b show the inductance change after placing the
magnetic bump on the CMOS sensing chip. The error bar for each
data point (the magnetic bump with a specific size and material) is
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Fig. 7. Typical fabrication results of the chip and the magnetic bumps, (a) the CMOS sensing chip fabricated by the TSMC foundry, (b) the cross-section micrograph (prepared
by FIB) of the CMOS chip with the stacking of multi-layers, and (c) magnetic tactile bumps with different materials and sizes.

from the measurements of at least ten samples. The results depict
the difference of inductance change resulted from magnetic bumps
of different sizes and materials. Magnetic bumps of two different
materials, the 430 stainless steel and the 304 stainless steel, are
characterized. The planar dimensions of magnetic bumps are rang-
ing from 0.4 x 0.4 mm? to 0.8 x 0.8 mm?, as mentioned in Section
2.In comparison, the inductance change introduced by the 0.5 mm
diameter chrome steel ball used in [26,27] is also measured. The
results indicate the inductance signals have no significant change
for the 304 stainless steel bump, which may be due to the low
permeability of 304 stainless steel. In comparison, the relatively
permeability of 430 stainless steel is 23 order higher than that
of the 304 stainless steel [33-35]. Thus, the 304 stainless steel is
not appropriate for the application of the inductive tactile sen-
sor. Therefore, the following tests are focused on the 430 stainless
steel bump. Significant inductance changes are achieved for the
430 stainless steel bump with the size larger than 0.5 x 0.5 mmZ.
Moreover, the inductance change is increasing with the dimension
of magnetic bump and then reaches a saturation value when the
size of the bump size larger than that of the coil (0.6 x 0.6 mm?).
Measurements agree with the trend predicted in Fig. 3b. Note that
the magnetic bump with the size of 0.4 x 0.4 mm? has poor signal

output compared with others, which may be due to the magnetic
properties variations resulted from laser cutting [36] (The coerciv-
ity of SS_0.4 is one order higher than others after the verification
using VSM).

4.1. Sensor performances for the magnetic bump of different sizes

The testing system in Fig. 10 is established to characterize the
performances of the proposed tactile sensors. The DUT shown in
Fig. 8 is fixed on the tri-axial motor stage, and hence the in-plane
(x and y axes) alignment and the out-of-plane (z-axis) displace-
ment of the DUT are controlled by the motor stage through the
controller. The sensor is under a tactile load through the probe of
a commercial force gauge when the DUT has a prescribed z-axis
displacement specified by the positioning stage. Meanwhile, the
tactile load applied on the sensor is monitored by the commercial
force gauge (FSH-50 N, YOTEC Precision Instrument, Taiwan, 0.01 N
resolution with a maximum loading of 50 N). The commercial LCR
meter (Agilent, 4980A) applies an AC signal to the coil of the CMOS
sensing chip and also detects the inductance of the coil. Thus, the
inductance changes varying with tactile loads can be measured.
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Fig. 8. Typical fabrication results of the devices, (a-e) the CMOS chips are, respectively, integrated with the 430 stainless steel magnetic bump of different sizes (0.4 x 0.4
mm? - 0.8 x 0.8 mm? with 300 wm thickness). The CMOS chips are also wire bonded on the PCB for the following performance tests.

Measurement results in Fig. 11 show the force responses of the
inductive tactile sensors with magnetic bumps of different sizes.
The material of the magnetic bump is 430 stainless steel and the size
of the bumpis ranging from 0.4 x 0.4 mm? to 0.8 x 0.8 mm?2. Fig. 11a
summarizes the force responses of all samples and Fig. 11b-f
further, respectively, show the force responses of samples with
different sizes. As shown in Fig. 114, b, the inductance changes of
the 0.4 x 0.4 mm? magnetic bump is very small which has been
expected from the tests in Fig. 9. Thus, despite the 0.4 x 0.4 mm?
magnetic bump having a larger polymer deformation, it is unable
to cause a decent sensing signal (inductance change). Moreover, the
relations of inductance change and tactile force in Fig. 11c-f exhibit
the characteristics of piecewise-linearity. The hardening effect of
the polymer under compression [31] is the reason to cause the drop
of sensing signal at higher loads. As indicated in the figures, this
study depicts the two different sensitivities (S; and S, ) for the pre-
sented sensors based on the slope of piecewise-linear curve fitting,
and the sensing range of the presented sensors are determined by
the turning points. The results show that as the magnetic bump
increases from 0.5 x 0.5 mm? to 0.8 x 0.8 mm? the sensing range
extends from 1.4N to 3.7 N, however, the sensitivity drops from

20nH/N to 9.7 nH/N. The sensing ranges predicted in Fig. 5c agree
well with the measurements. However, the measured sensitivi-
ties are 2.1-fold to 2.85-fold higher than the simulations in Fig. 5c.
The difference could be due to the variation of material proper-
ties (e.g. magnetic properties of the magnetic bump) in simulation
models.

The polymer extensively employed in the tactile sensor as
the protection and buffer layer or force transmission layer
[4,11,13-16,18] has the concern about the stress-strain hysteresis
[30]. This study further investigates the hysteresis phenomena for
magnetic bumps of different sizes. The loading and un-loading tests
are performed by using the experiment setup in Fig. 10 to charac-
terize the hysteresis phenomena. Measurement result in Fig. 12a
presents the load-deflection curve on the pure polymer to show its
hysteresis characteristic. The loading-unloading curves measured
in Fig. 12b-f, respectively, depict the hysteresis effects of the tactile
sensors with magnetic bumps of different sizes. The results indicate
alarger magnetic bump will increase the hysteresis. This is a design
concern for applications.

In this study, the magnetic bump is picked by the vacuum pen
and then placed on the CMOS sensing chip by using the positioning
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Table 1
The specifications and performances of the presented CMOS inductive tactile sensors with different detec-
tion interfaces, (a) devices with single-coil signal pick-up, and (b) device with dual-coils signal pick-up.

Size of sensing coil 0.6x0.6 mm?
_ Size of chip 17x1.7 mm?
Polymer thickness 20614 um
Tactile bump size )
(430 stainless steel) 04x04 05%x05 06x06 07x07 08x08 | mm
Sensing range 0-09 0-1.4 0-2 0-2.9 0-3.7 N
Sensitivity (only S ;) 44 20 19.5 14 9.7 nH/N
b. Dual-coils signal pick-up Specifications and perfor of the sensors Unit
Size of sensing coil 0.6x0.6 mm?

Size of chip 17x1.7 mm?
Polymer thickness 206+14 pm
Tactile bump size )
(430 stainless steel) 06x06 mm
inV,,@30MHz 1 3 5 \Y

Vriving i1 Vips

Sensitivity (only S;) 1.05 3.30 4.89 mV/N

2Poor signal output due to the fluctuation of material properties after the laser-cut process.

(a)

w/0 magnetic bump

mmmmg ==e—-

w/ magnetic bump

—_
=
~

180 F = 430_stainless steel
A 304 _stainless steel 7
160F o cpre '
E rome steel ball T T
= 140 F T
N’
)
gn 120 | %
S 100}
o
g 80
=
E oo}
=
= 40F
S
20 F
-
o =& A A A A
0.4 0.5 0.6 0.7 0.8

Size (mm)

Fig. 9. (a) The test scheme, and (b) measurement results, to evaluate the inductance change of the sensing coil before and after adding the magnetic bump on the sensing
chip. The magnetic bump of different magnetic materials and sizes are characterized.
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Fig. 10. The test setup to measure the variation of inductance signals with tactile loads.

stage. Thus, the testing setup in Fig. 13a is established to investi-
gate the signal variation due to the misalignment of the magnetic
bump and sensing coil. The illustration and micrograph show the
frame with alignment ruler marks (the length between two marks
is 100 wm) fabricated by laser cutting. During the tests, the coil
is placed at the center of the alignment frame, as depicted in the
left-hand side illustration in Fig. 13a. The space with 600 wm in
length is also marked at the center of each side on frame to align
the frame and coil (as indicated by red dash lines in figure). Thus,
the misalignment of magnetic bump with the coil can be expressed
by its center offset (|x|, |y|), as depicted in the right-hand side
micrograph. As shown in the micrographs in Fig. 13b, magnetic
bumps of two different sizes (0.5 x 0.5 mm? and 0.8 x 0.8 mm? are,
respectively, smaller and larger than the sensing coil) with differ-
ent alignment conditions are prepared for the tests. Measurement
results in Fig. 13c, show that the sensitivities of tactile sensors
(including S; and S;) have a less than +15% offset when the cen-
ter misalignment of magnetic bumps (for both 0.5 x 0.5 mm? and
0.8 x 0.8 mm?)is smaller than 100 wm for both axes. In addition, the
sensitivities of tactile sensors (including S and S,) have a 50~60 %
offset when the center misalignment of magnetic bumps (for both
0.5 x 0.5 mm? and 0.8 x 0.8 mm?) is 300 p.m for both axes. Note that
the commercially available pick-place facilities have the alignment
accuracy of ranging from +£2.5 pm to £50 pm.

4.2. Signal pick-up (voltage output) using dual-coils design

Finally, the CMOS chip with single-coil and dual-coils signal
pick-up designs shown in Fig. 2 are characterized. This study
employs the CMOS chip with 0.6 x 0.6 mm? stainless steel mag-
netic bump (SS_0.6) as the test sample. This study establishes the
test setup to evaluate the performance of the dual-coils design in
Fig. 2b. As shown in Fig. 14a, the AC signal Vyjying from the func-
tion generator (Agilent 33220A) is applied on the driving coil, and
the voltage Vensing Output from the sensing coil is monitored by
the oscilloscope (Tektronix DPO 3014). After specifying the tactile
load on the magnetic bump using the force gauge, the variation of
Vsensing from the sensing coil is measured. Note that the Venging
from the sensing coil is sensitive to the frequency of Vgyjying Of
the driving coil. The dual-coils system in this study has a reso-
nant frequency of 38.4 MHz and a flat frequency response region of
2834 MHz. Thus, to avoid the variation of the sensing signal induced
by the fluctuation of the driving frequency, 30 MHz (which is within

the flat frequency response region) is selected for the following
electrical test and tactile force response measurements. Fig. 14b
presents the initial output voltages Vepsing from the sensing coil
when different Vyjying are applied to the driving coil. Measure-
ments in Fig. 14c further depict the variation of Vepging With tactile
loads at three different Vqyiying (15 Vpp). Note the Vensing Of dual-
coils design could receive a gain factor by increasing the Vpiying. AS
compared with the results in [27], the vertically integrated dual-
coils sensing design could increase the sensitivity to near 1 order.
Fig. 14d further summarizes the inductance output (in Fig. 11d)
from the single-coil design (in Fig. 2a) and the voltage output
(5Vpp driving voltage case in Fig. 14c) from the dual-coils design
(in Fig. 2b). Since both of these two sensing approaches are based
on the variation of magnetic flux, the sensing signals (for both
inductance and voltage changes) varying with tactile loads exhibit
the same trend. In summary, the CMOS-based sensing chip could
offer two methods for the signal pick-up of the inductive tactile
Ssensor.

5. Conclusions

This work presents the investigations of detection interfaces
for the inductive type tactile sensor consisted of a polymer-
encapsulated CMOS chip with coils and a magnetic bump. The chip
is fabricated by the TSMC 0.35 wm 2P4M CMOS process and the in-
house polymer molding. Since the polymer is employed to act as
the spring, no fragile suspended thin film structures are required
for such inductive tactile sensor. The deformations introduced by
the CTE mismatch and residual stresses of thin films are prevented.
The detection interface of the proposed tactile sensor is composed
of the signal pick-up interface (the coils on the CMOS chip) and
the contact interface (the magnetic bump). For the signal pick-up
interface, the vertical integrated coils are implemented using the
multi-layer CMOS process. Thus the inductance detection using the
single-coil sensing design and the voltage detection using the dual-
coils sensing design are demonstrated. For the contact interface, the
magnetic bumps of different sizes and materials are prepared by the
laser-cut process. The sensor performances such as the sensitiv-
ity, sensing range, and hysteresis for magnetic bumps of different
sizes and materials are investigated. Measurements indicate the
304 stainless steel is not suitable for the magnetic bump, and the
430 stainless steel shows considerable signal output (as bump sizes
larger than 0.5 x 0.5 mm?). Moreover, for the 430 stainless steel
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Fig. 13. Measurements to evaluate the influence of the misalignment of the tactile bumps (SS-500 and SS_800), (a) the test setup to specify the misalignment, (b) micrographs
of misalignment conditions, and (c) measurement results for different misalignment conditions.

magnetic bumps, the sample with larger magnetic bump has higher
sensing range, more severe hysteresis, and lower sensitivity. Note
that the very poor sensitivity of 0.4 x 0.4 mm? magnetic bump may
be due to the change of magnetic properties caused by the temper-
ature elevation from laser-cut process. It is worth to investigate the
influence of laser-cut process on the change of material properties.
Finally, the sensitivities of tactile sensors have a less than +£15%
offset when the center misalignment of the magnetic bumps (for
both 0.5 x 0.5mm? and 0.8 x 0.8 mm?) is smaller than 100 wm for
both axes. Table 1 summarizes the specifications of the proposed
CMOS inductive type tactile sensor with different detection inter-
faces. Note that the plate magnetic bump in this study is attached
to the polymer using PDMS adhesive. Measurements indicate the
shear force to peel off the magnetic bump is near 0.06 N. In compar-

ison, the shear force to peel off the ball magnetic bump in [26,27] is
0.05N. Thus, a better adhesive is required to enhance the bonding
strength of contact interface. The encapsulation of the magnetic
bump with polymer as presented in [28] is another approach to
avoid the peel off of the contact interface by shear load. Moreover,
the durability of the polymer material (PDMS) is also an important
concern for future applications.
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