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Abstract

Wearable devices which measure and transfer signals from the human body can provide useful biometric data
for various biomedical applications. In this paper, we present an implementation of the advanced Inertial
Measurement Unit (IMU) with wireless communication technology for mobile health monitoring. The device
consists of rigid silicon-based components on a flexible/stretchable substrate for applications in epidermal electronic
devices to collect precise data from the human body. Using the Bluetooth Low Energy (BLE) System-on-a-chip
(SoC), the device can be miniaturized and portable, and the collected data can be processed with low power
consumption. The dimensions of the implemented system are approximately 40 mm x 40 mm x 100 pum. Also, the
device can be attached closely to human skin, which results in minimized signal distortion due to body movements or
skin deformations. In order to achieve device flexibility and stretch ability, the interconnection wires are designed as
serpentine-shaped structures on a stretchable substrate. The previously reported “cut-and-paste” method is utilized to
fabricate the device that produces complex, twisty interconnections with thin metal sheets. The implemented
patch-type, wireless, 6-axis IMU is expected to have potential in various applications, such as health monitoring,

dependency care, and daily lifelogging.
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1. Introduction

Recently reported researches have shown that the highly-reliable wearable devices which provide continuous
physiological biometric information can be used for applications in mobile health [1-3], physical training [4], prosthetics [5]
and human-machine interfaces (HMI) [6-8]. Especially, skin-like wearable electronic modules have soft form-factors to
achieve close contact on the human body, which results in the significantly improved performance, such as the signal-to-noise
ratio [9]. From the inherent skin-like characteristics of flexible and stretchable substrates, recent developments focus on the
implementation of highly-scalable and modularized epidermal electronic devices for biomedical applications. Most
commercialized wearable devices are implemented on a rigid substrate consist of silicon-based integrated circuit (IC)
components to provide incomparable performance for signal processing with low-power consumption [10-11]. However, there
is a large mechanical mismatch in the interface between the rigid circuit-board based devices and elastic human skin, which
may reduce the accuracy of the measurement data. Thus, accurate biometric information can be measured using a hybrid
integration scheme, where stretchable interconnection wires are used for elastic bio-interfaces and rigid silicon-based

electronic ICs are used for calculations, signal processing and data transmission.

In order to improve the fidelity between the system and the skin, the implementation of the robust interconnection part is

a fundamental technology to develop the system-level based epidermal electronic devices. Several groups have reported the
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use of semiconductor microfabrication processes for implementing the serpentine-structured metal interconnects. This is
achieved by fabricating a metal interconnection wire with a serpentine structure on the substrate using a semiconductor process,
and then attaching the rigid electronic sensor with the ICs. Due to the serpentine-structured metal interconnects, the stress
applied on the wires during elongation can be minimized. Although, microfabrication facilities for semiconductors are
well-known to achieve precise micro patterns and minimized footprint for highly-miniaturized system, it is highly-expensive

and time-consuming processes.

In this paper, an epidermal, patch-type 6-axis inertial measurement unit (IMU) is presented for biomedical applications,
such as gait analysis, musculoskeletal disorders, and monitoring daily routines [12]. The proposed system is implemented
using the packaged silicon-based ICs soldered on the bonding pads, which the metal interconnect between the ICs have
serpentine-structures. Also, the whole device is implemented on a soft and stretchable platform to be attached on any part of
human skin with high conformity. Each functional block of the system is fully-modular and reconfigurable, and this system is
configured by a commercialized 6-axis accelerometer, a Bluetooth low energy (BLE) system-on-a-chip (SoC), several passive
components and a chip antenna to measure the continuous biometric information with ease. For implementation of the
proposed device, a simple, cleanroom-free manufacturing method is used. The detailed design schematic, fabrication process
and performance evaluations will be discussed in the following sections. As a result, the system and the proposed method in

this paper can be extended to the development of an advanced, multi-sensing, biometric platforms.

2. Implementation Process

The implemented epidermal, patch-type 6-axis IMU on a soft substrate is shown in Fig. 1. Sensors and devices used to
construct the proposed system include 6-axis inertial sensor (MPUG050, Invernesses, San Jose, CA, USA), BLE SoCs
(nRF52832, Nordic Semiconductor ASA, Norway), and several passive components. The serpentine-structured copper (Cu)
wires are used to mount and integrate rigid electronic elements, which allows it to have elongation properties of the system
under diverse deformation. The whole system is encapsulated using the stretchable adhesive film (Tegaderm, 3M, MN, USA),
which can be attached to the human body and protects the system from moisture and dust. The system is implemented based on
the modular concept, allowing the functional building blocks to be reconfigurable depending on the applications. By
maintaining the signal processing parts, additional functions can be integrated by adding multiple sensors, such as electrodes,
strain gauges or temperature sensors.
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Fig. 1 Impi.e'méLhted epidermal, 6-axis IMU on stretchable platform

In Fig. 2, the block diagram of the epidermal, path-type 6-axis IMU is shown. The 6-axis inertial sensor and MCU
transmit and receive data using the two-wire serial interface (TWI), which uses two bus signals (SCL and SDA) to exchange
signals. The signals from the 6-axis inertial sensor are converted by the analog-to-digital converter (ADC), which is embedded
in the BLE SoC, and the digitized data are spread by the universal synchronous/asynchronous receiver/transmitter (USART)

structure in the signal conditioning unit.
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Fig. 2 Block diagram of the epidermal, 6-axis IMU using wireless data communication
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Fig. 3 Implementation process using “cut-and-paste” method

The implementation process to fabricate the patch-type 6-axis IMU on a flexible/stretchable polymeric surface is shown
in Fig. 3. This process is used to design miniaturized systems on substrates with various form-factors using computer-aided
design (CAD) program. To implement the proposed system, serpentine-structured interconnects and soldering pads for silicon
IC assembly are designed. After designing the footprints of the system using CAD tool, a programmable cutter using sharp
metal blade (Silhouette Cameo® , Silhouette America, USA) is equipped to define the interconnects and soldering pads. An
18-um-thick Cu foil (Copper 110 Annealed, Online Metals, USA) is laminated on the thermal release tape (TRT), and the Cu
foil-laminated TRT is patterned according to the designed patterns programmed by the CAD tool. The blade depth of the
cutting equipment is controlled only to cut the Cu foil layer. After cutting the Cu foil-laminated TRT, whole residual area
except for designed patterns of Cu foil is removed. The patterned Cu foil laminated TRT layer is adhered with a Kapton film,
water-soluble tape (WST) layer, which is bonded onto a glass substrate. And then, the whole bonded substrate is heated on a
hot plate at 120 °C for 30 seconds to remove the TRT layer. After removing the TRT layer, a lead-free solder paste (ChipQuik,
NY, USA) is used to assemble packaged ICs on the patterned Cu soldering pads. The electronic components, such as 6-axis
inertial sensor, BLE SoC, chip antenna, passive components, and bridge interconnects are aligned on the soldering pads and
heated on the hot plate at 230 °C for 3 minutes for fixation. Then, the soft adhesive film is covered on the circuit for

encapsulation. The WST layer and the Kapton tape are removed to leave only electronic components and the
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serpentine-structured Cu interconnects. After covering the bottom layer of the device, the implementation of the patch-type

6-axis IMU on a stretchable platform is finalized. The overall dimensions of the proposed system are approximately 40 mm x

40 mm, and the thickness is less than 100 um (excluding the ICs).

3. Performance Evaluation

The implementation results of the epidermal, 6-axis IMU are shown in Figs. (4)-(7), respectively. The stress applied to the
interconnection wire during elongation can be minimized by its serpentine structure. Therefore, the modulus of the
implemented device depends on the stiffness of the Tegaderm (approximately 7.4 MPa), which is similar to that of human skin
(0.32~4 MPa). In Fig. 4, the connection to the wireless terminal using Bluetooth is shown. After the connection, short impact

and tilting motions in a single direction are applied and measured wirelessly.
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Fig. 4 Wireless connection and continuous signal monitoring results
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Fig. 5 Performance evaluation of the wireless, epidermal, 6-axis TMU for rotational motion
Also, experiments are conducted with applied rotational motion (Fig. 5) and arbitrary motion (Fig. 6) to the patch-type,
6-axis IMU attached to a human arm. In Fig. 5, the performance comparison results between the implemented patch-type
device and Wear notch (Notch Interfaces, Inc., NY, USA) are shown. The maximum root-mean-square (RMS) error is about
several tens of degrees. However, this appears to be an error due to the alignment mismatch and will be corrected through
future calibration. The results show that real-time, continuous biometric motion data of the human body can be successfully
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monitored. In Fig. 7, the implemented patch-type, 6-axis IMU is attached to the arm to calculate the precise joint angle of the
forearm. The flexibility and stretch ability of the implemented device allow it be utilized on the human body including the

wrists, the ankles, the neck, and the abdominal region, which are common parts for monitoring the motion for dependency care

and clinical diagnosis.
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Fig. 6 Application result in 3-dimensional simulator control
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Fig. 7 Joint angle analysis using the wireless, epidermal, 6-axis IMU

4. Conclusions

This paper presents an epidermal, patch-type 6-axis inertial measurement unit (IMU) for applications in wearable
biomedical devices. The proposed device is implemented using the conventional circuit components on a soft adhesive
substrate, and by firmly attached to the target, it is possible to collect accurate data from the human body. The planar
dimensions of the implemented system are approximately 40 mm x 40 mm, and the overall thickness of the system, including
the ICs, is less than 100 um. A serpentine-structured interconnects are adopted between the circuit elements to achieve flexible
and stretchable characteristics of the device. The preliminary implementation and experimental results of this paper

demonstrated the potential for future applicability in various areas, such as dependency care and monitoring of human motion.
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