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Introduction

According to The Centers for Disease Control and Prevention (CDC), heart disease has
been the leading cause of death in the United States for over seven decades, while other chronic
illnesses such as chronic lower respiratory disease, kidney disease, and diabetes are all among
the top ten killers in America (Heron & Anderson, 2016; Xu et al., 2021). With the growth of the
internet of things and recent breakthroughs in machine learning, researchers have turned towards
wearable electronic devices as a way to better diagnose, monitor, and manage these lethal
diseases. In particular, heart disease, COPD, kidney disease, and diabetes can all be monitored
using sensors mounted on wearable smart devices (Huang et al., 2022; Rodriguez-Leo6n et al.,
2021; Tiwari et al., 2021; Wieringa et al., 2017). Furthermore, when wearable sensor data is
analyzed using machine learning techniques, it’s possible to predict events such as
rehospitalization with comparable accuracy to conventional clinic measurements due to the
long-term nature of mobile monitoring (Dunn et al., 2018).

Despite the enormous potential of wearables for health monitoring applications, these
technologies have yet to live up to their transformational promise due to inconsistent use and
high abandonment. In fact, Lee & Lee (2017) found that as many as 50% of users stopped
wearing their smart devices weeks after purchase, while Hermsen et al. (2017) observed that
84% of FitBit users stopped wearing their trackers after less than a year. Both studies cited
inconvenience, mistrust in measurements, and technical issues (battery life) as primary causes for
abandonment.

From the literature, it’s evident that well-designed, wearables-based health monitoring
systems could revolutionize healthcare by alerting patients and their medical teams of

life-threatening diseases. For such systems to be effective, users must wear these devices



consistently over the long term, and the perceived convenience, accuracy, and usefulness of these
devices must be increased. To achieve these improvements over the state of the art, my team
proposes designing microchip-based, in-textile health monitoring systems as our technical
project. As our STS topic, we intend to evaluate the consumer adoption of smart clothes using
the Technology Acceptance Model developed by Davis (1989) and leverage this understanding
to develop a set of guidelines for designing textile-based wearable technologies with high

retention rates.

Technical Topic: Developing In-Textile Health Monitoring Systems with Custom Chiplets

Throughout the late 2010s and early 2020s, there have been numerous attempts at
creating smart garments with temperature, sweat, and neural sensing capabilities (Loke et al.,
2021; Wu et al., 2018; Yin et al, 2021). While these works resulted in functioning technical
systems, they suffer from the use of discrete, bulky components and rigid batteries, rendering
them less effective for day-to-day use. Advances in ultra-low power microchips, fabric batteries,
and conductive textile infrastructure have yielded smaller, flexible components. These new
technologies are more conducive to comfortable and seamless textile integration, paving the way
for minimally invasive and unobtrusive textile-based health monitoring systems (Wu et al., 2021;
Liu et al., 2023). In this section, I will outline challenges regarding computation and
communication within the context of smart garments and highlight how existing works provide a
platform from which to build on.

Fundamentally, one principle underlies the main challenge with designing chips-based
smart clothing: in order for smart clothes to feel natural and comfortable, there must be no large

rigid components integrated into the fabric. Indeed, most functions that a smart garment would



need to perform in terms of computation, communication, and data storage are quite easily
achieved using conventional microchips; however, these circuits are too large (> 1 cm/side) and
too power hungry (on the order of Watts) to be integrated onto a textile comfortably (Yin et al.,
2021; Yoke et al., 2021). To accommodate this basic area constraint, my team’s approach is to
disaggregate the components typically found on a single larger chip and create a distributed
system of smaller chiplets that function together as a single computer. While making a single
small chip is relatively straightforward, designing a network of sub-millimeter-scale chips that
function as one system is challenging.

To understand how the area constraint of in-textile chiplets imposes system-wide
challenges, it is instructive to look at the floorplan of a chip designed for textile integration.

Figure 1 shows a die photo of a chip designed by my group, which is a 600 micron square.
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Figure 1. Floorplan of a Chip for Textile Integration (Created by Author). This image is a
bird’s-eye view of a chip designed by my technical group. Although the total chip area is 600 um
by 600 pm, only % of this area can be used for any purpose (shown in green). The remaining
area must be dedicated to special-purpose input/output circuitry (shown in red).

The section of the image highlighted in red represents the area used for input/output circuitry.

This portion of the chip cannot be used to perform any computation or data storage. The



remaining green area is the so-called “active area” and can be used for any purpose. Because the
die is so small, the proportion of usable active area to total area is just one quarter, whereas this
ratio is typically much greater than one half (Weste & Harris, 2010). This has severe implications
for computation and communication.

In conventional computer architecture, one primary way to accelerate computation is to
design hardware that can “multitask.” In reality, this means that certain parts of the chip are
duplicated so that multiple copies of the same function can be used at the same time. While
extremely effective at increasing the computational power of the computer, this technique is
area-intensive: the total area (and energy) increases approximately linearly with the computation
capability (Weste & Harris, 2010). In the context of textile systems, this traditional approach may
not work due to the aforementioned area constraints. An alternative that my team is considering
is to replace a single, larger chip with several copies of a smaller chip, duplicating the desired
component on each smaller chip. Functionally this might work, but there are performance
limitations that occur as a result of the small size required for textile-integrated chips.

On conventional computers, communication channels between different components
typically use over eighty wires to link two functional units (Harris & Harris, 2015). For the chip
shown in Figure 1, the maximum number of data signals entering or leaving the chip is nine. As
part of our planned system, we intend to use a communication scheme called the Bypass Serial
Peripheral Interface (SPI) to connect chips serially wire three wires, based on the work of Liu et
al (2023). To hide the latency incurred by performing data transfers serially as opposed to in
parallel, we propose a novel scheme of operating the peripheral interface at a much higher
frequency than the core. Specifically, it must be fast enough such that in one clock cycle in the

core’s clock domain, the peripheral interface can transmit or receive an entire 32-bit data packet.



Our deliverable for this project consists of two chips. The first, called the
System-on-Chip will be responsible for computation and overall system management. The other
chip will be a memory chip that is responsible for data storage and communication. Using the
Bypass SPI scheme described above and other novel techniques, we plan to deliver chips that can
be integrated into clothes to function as a single, cohesive system for health data sensing

applications.

STS Topic: Leveraging the Technology Acceptance Model to Promote the Long-Term Use
of Smart Wearable Devices

In spite of their health tracking capabilities, conventional wearable electronics have long
faced issues of low adoption and abandonment. Researchers have found that intrinsic motivation
loss, perceived measurement inaccuracy, tracker discomfort, charging discomfort, and lack of
visual appeal are among the top ten reasons cited for abandonment (Attig & Franke, 2020). As
technological advances begin to enable smart textile systems, consumers may find these devices
more appealing and easier to adapt into their routine for health monitoring due to the unobtrusive
and discreet nature of smart clothes. However, if system designers do not learn from the failures
of conventional wearable devices, textile-based health monitoring systems still may not be
widely accepted (Xu et al., 2022). In this section, we consider some of the reasons why users
report abandoning wearables and introduce Davis’s seminal Technology Acceptance Model
(1989), a framework for understanding consumer acceptance of technological advancements.
Ultimately, we hope to use this framework to develop a set of guidelines for designing smart

clothes to promote long-term use.



Usability concerns are one of the primary reasons cited for abandoning wearable devices.
Specifically, surveys of users who have abandoned fitness trackers have found that former users
tend to agree with statements along the lines of “I don’t find it useful” (Fadhil, 2019).
Furthermore, about 60% of former users responding to another survey indicated that they
believed that the long term monitoring features were not useful (Maher et al., 2017). Still others
found that the web applications and smartphone applications associated with these devices had
low usability or required too much mental effort to use consistently (Coorevits & Coenen, 2016;
Epstein et al., 2016). Over a third of participants in one study identified tracking discomfort,
charging discomfort, device or app inconvenience, or lack of visual appeal as among their
reasons for abandoning a conventional wearable device (Attig & Franke, 2020). In summary, the
existing literature suggests that a perceived lack of usability or usefulness is among the main
motivations for users abandoning their wearable devices.

The empirical evidence that users abandon wearable health devices due to usability and
usefulness concerns is highly consistent with the Technology Acceptance Model (TAM) (Davis,
1989). TAM is a well-regarded theory of consumer attitudes and behavior towards adopting new

technologies. A visualization of this model is shown in Figure 2.
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Figure 2. The Technology Acceptance Model. This visualization of TAM shows how perceived
ease of use impacts perceived usefulness. Moreover, it illustrates how both factors ultimately
determine actual system use (Kalantari, 2017).
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TAM contends that two major factors are primarily responsible for determining the actual
use of a system: perceived usefulness and perceived ease of use. In Davis’s words, perceived
usefulness is “the degree to which a person believes that using a particular system would
enhance his or her job performance,” whereas perceived ease of use “refers to the degree to
which a person believes that using a particular system would be free of effort” (Davis, 1989, pp
320). Although Davis initially proposed his framework in the context of technologies in the
workplace, it seems reasonable that the same framework could be applied to technologies used in
a non-professional context such as wearable devices for health applications.

It’s self-evident that in order for a textile-based wearable device to succeed at long term
health monitoring, the device must be designed in such a way that avoids the weakness in
perceived usefulness and ease of use of conventional wearables. For my STS research, I plan to
study the adoption failures of past wearables using the TAM framework. From this analysis, |
hope to conceive of a set of guidelines for designing wearable devices with the goal of improving

user retention rates and decreasing abandonment.

Conclusion

My technical project should result in the creation of a chips-based, in-textile health monitoring
system with applications to long-term diseases like cardiovascular disease, diabetes, COPD, and
kidney disease. Because the success of such a system depends entirely on consistent, long-term
monitoring, my STS research will analyze the failures of previous wearable systems using the
TAM framework in order to determine guidelines for future wearables with improved retention
rates. If successful, my technical project will enable patients to better manage their chronic

illness without burdening them with cumbersome wearable devices and may lessen the frequency



of doctor check-up appointments. A successful STS deliverable would entail a set of guidelines
for designing wearables devices that results in lower abandonment rates through the mechanisms

of improved perceived usefulness and perceived usability.



References:

Attig, C., & Franke, T. (2020). Abandonment of personal quantification: A review and empirical
study investigating reasons for wearable activity tracking attrition. Computers in Human
Behavior, 102, 223-237.

Centers for Disease Control and Prevention. (2021). Coronary artery disease (CAD). Centers for
Disease Control and Prevention. https://www.cdc.gov/heartdisease/coronary_ad.htm.

Centers for Disease Control and Prevention. (2023). Heart disease facts. Centers for Disease
Control and Prevention. https://www.cdc.gov/heartdisease/facts.htm.

Coorevits, L., & Coenen, T. (2016). The rise and fall of wearable fitness trackers. Academy of
Management.

Davis, F. D. (1989). Perceived usefulness, perceived ease of use, and user acceptance of
information technology. Management Information Systems Quarterly, 319-340.

Dunn, J., Runge, R., & Snyder, M. (2018). Wearables and the medical revolution. Personalized
Medicine, 15(5), 429-448. https://doi.org/10.2217/pme-2018-0044.

Epstein, D. A., Caraway, M., Johnston, C., Ping, A., Fogarty, J., & Munson, S. A. (2016, May).
Beyond abandonment to next steps: understanding and designing for life after personal
informatics tool use. In Proceedings of the 2016 Conference on Human Factors in
Computing Systems (pp. 1109-1113).

Fadhil, A. (2019). Different stages of wearable health tracking adoption & abandonment: A
survey study and analysis. arXiv preprint arXiv:1904.13226.

Harris, S., & Harris, D. (2015). Digital design and computer architecture. Morgan Kaufmann.
(pp 485). [textbook]

Hermsen, S., Moons, J., Kerkhof, P., Wiekens, C., & De Groot, M. (2017). Determinants for
sustained use of an activity tracker: observational study. Journal of Medical Internet
Research mHealth and uHealth, 5(10), e7311.

Heron, M., & Anderson, R. N. (2016). Changes in the leading cause of death: Recent patterns in
heart disease and cancer mortality. National Center for Health Statistics Data Brief, 254.


https://www.cdc.gov/heartdisease/coronary_ad.htm
https://www.cdc.gov/heartdisease/facts.htm
https://doi.org/10.2217/pme-2018-0044

Huang, J. D., Wang, J., Ramsey, E., Leavey, G., Chico, T. J., & Condell, J. (2022). Applying
artificial intelligence to wearable sensor data to diagnose and predict cardiovascular
disease: a review. Sensors, 22(20), 8002. https://doi.org/10.3390/s22208002.

Kalantari, M. (2017). Consumers' adoption of wearable technologies: literature review, synthesis,
and future research agenda. International Journal of Technology Marketing, 12(3),
274-307. https://doi.org/10.1504/II TMKT.2017.089665.

Lee, H., & Lee, Y. (2017, May). A look at wearable abandonment. In 2017 18th IEEE
International Conference on Mobile Data Management (MDM) (pp. 392-393). IEEE.

Liu, X., Truesdell, D. S., Faruge, O., Parameswaran, L., Rickley, M., Kopanski, A., ... &
Calhoun, B. H. (2023). A 33nW Fully Autonomous SoC With Distributed Cooperative
Energy Harvesting and Multi-Chip Power Management for mm-Scale System-in-Fiber.
Institute for Electrical and Electronics Engineers Transactions on Biomedical Circuits
and Systems.

Loke, G., Khudiyev, T., Wang, B., Fu, S., Payra, S., Shaoul, Y., ... & Fink, Y. (2021). Digital
electronics in fibres enable fabric-based machine-learning inference. Nature
Communications, 12(1), 3317. https://doi.org/10.1038/s41467-021-23628-5.

Mabher, C., Ryan, J., Ambrosi, C., & Edney, S. (2017). Users’ experiences of wearable activity
trackers: a cross-sectional study. Biomed Central Public Health, 17, 1-8.

Rodriguez-Leon, C., Villalonga, C., Munoz-Torres, M., Ruiz, J. R., & Banos, O. (2021). Mobile
and wearable technology for the monitoring of diabetes-related parameters: Systematic
review. Journal of Medical Internet Research mHealth and uHealth, 9(6), €25138.

https://doi.org/10.2196/25138.

Stehlik, J., Schmalfuss, C., Bozkurt, B., Nativi-Nicolau, J., Wohlfahrt, P., Wegerich, S., ... &
Pham, M. (2020). Continuous wearable monitoring analytics predict heart failure
hospitalization: the LINK-HF multicenter study. Circulation: Heart Failure, 13(3),
e006513.

Tiwari, A., Liaqgat, S., Liaqat, D., Gabel, M., de Lara, E., & Falk, T. H. (2021, November).
Remote copd severity and exacerbation detection using heart rate and activity data
measured from a wearable device. 43rd Annual International Conference of the Institute
of Electrical and Electronics Engineers in Medicine & Biology Society (pp. 7450-7454).
IEEE. https://doi.org/10.1109/EMBC46164.2021.9629949.

10


https://doi.org/10.3390/s22208002
https://doi.org/10.1504/IJTMKT.2017.089665
https://doi.org/10.1038/s41467-021-23628-5
https://doi.org/10.2196/25138
https://doi.org/10.2196/25138
https://doi.org/10.1109/EMBC46164.2021.9629949

Weste, N,. & Harris, D. (2010). Cmos visi design, a circuits and systems perspective. Upper
Saddle River, NJ: Pearson Education. 4, 46-47. [textbook]

Wieringa, F. P., Broers, N. J. H., Kooman, J. P, Van Der Sande, F. M., & Van Hoof, C. (2017).
Wearable sensors: can they benefit patients with chronic kidney disease?. Expert Review
of Medical Devices, 14(7), 505-519. https://doi.org/10.1080/17434440.2017.1342533.

Wu, X, Lee, 1., Dong, Q., Yang, K., Kim, D., Wang, J., ... & Blaauw, D. (2018, June). A 0.04
mm 3 16nW wireless and batteryless sensor system with integrated Cortex-M0+
processor and optical communication for cellular temperature measurement. In 2078
Institute of Electrical and Electronics Engineers Symposium on Very Large Scale
Integrated Circuits (pp. 191-192). IEEE. https://doi.org/10.1109/VLSIC.2018.8502391.

Wu, M, Xia, Z., Mao, Z., Lu, J., Yan, J., Li, Z., ... & Cheng, B. (2021). Stretchable Ni—Zn fabric
battery based on sewable core—shell SCNF@ Ni@ NiCo LDHs thread cathode for
wearable smart garment. Journal of Materials Science, 56, 10537-10554.

Xu, J., Murphy, S. L., Kochanek, K. D., & Arias, E. (2021). Deaths: Final data for 2019. Centers
for Disease Control and Prevention. https://stacks.cdc.gov/view/cdc/106058.

Xu, S., Kim, J., Walter, J. R., Ghaffari, R., & Rogers, J. A. (2022). Translational gaps and
opportunities for medical wearables in digital health. Science Translational Medicine,

14(666). https://doi.org/10.1126/scitranslmed.abn6036.

Yin, L., Kim, K. N., Lv, J., Tehrani, F., Lin, M., Lin, Z., ... & Wang, J. (2021). A self-sustainable
wearable multi-modular E-textile bioenergy microgrid system. Nature Communications,
12(1), 1542. https://www.nature.com/articles/s41467-021-21701-7

11


https://doi.org/10.1080/17434440.2017.1342533
https://doi.org/10.1109/VLSIC.2018.8502391
https://stacks.cdc.gov/view/cdc/106058
https://doi.org/10.1126/scitranslmed.abn6036
https://www.nature.com/articles/s41467-021-21701-7

