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Over the past few decades, Lab-on-a-chip (LoC) devices have made health diagnostics easier and cheaper by enabling rapid, hassle-free, and inexpensive measurements of different biochemical markers, properties of epidermally retrievable biofluids (e.g., sweat and interstitial fluids), etc. The miniaturization of these sensing technologies along with the integration of flexible frameworks (microfluidic assemblies and electronics) and user-friendly software have paved the way for autonomous and continuous tracking of human health parameters. However, with emerging new technologies, there are new and complex challenges, especially in the case of these miniature LoC devices. Although microfluidics-specific challenges such as analyte contamination, flow rate variability, improving detection specificity, etc. are being worked upon, the bigger question is: how reliable are these wearable devices in the long run? This perspective piece initially talks about the state-of-the-art LoC technologies that have been incorporated into wearable devices. Next, the perspective identifies some of the reliability studies conducted (as well as overlooked) on the integrated wearable electronics used. Finally, the paper discusses the challenges and future directions of research in the field of reliability of LoC-based wearable electronics.
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1 INTRODUCTION
With the emergence of technology, there has been massive emphasis on continuous healthcare monitoring and diagnostics through the use of wearable electronics. One of the earliest endeavors was by NASA (United States), which introduced the first wearable sensors for health monitoring of the astronauts in the 1960s. For public usage, a wireless EKG (Electrocardiogram) was introduced in 1977, while GlucoWatch, for monitoring blood glucose levels, was introduced in 2002 (Lezen et al., 2002). At present, several wearable technologies are commercially available, but these technologies are limited to gravitational, acoustic, electrical impulse, and environment stimuli sensing, i.e., they are primarily used for monitoring body temperature, heart rate, calories burnt, etc. These technologies, however, often fail to provide point-of-care diagnostics and detection of the onset of diseases. To fill this gap, in the past decade, there has been a substantial growth of Lab-on-a-Chip (LoC) devices in the form of wearables, which have brought health monitoring and diagnostics much closer to the consumer. These devices are capable of sensing biofluids (blood, sweat, saliva, mucus, etc.) (Heikenfeld, 2016) and provide immediate information about body temperature (Webb et al., 2013), pH (Curto et al., 2012), hydration (Huang et al., 2013), and other relevant biomarkers (that indicate the possibility of the onset of a disease in the near future) (Kwon et al., 2023). These devices are certainly revolutionizing the modern-day healthcare management and there is a continuous impetus to reduce the cost and increase the longevity of these devices. A critical aspect to meet such cost and longevity goals is to ensure that these devices are robust and reliable and can withstand different environmental stresses. Testing such reliability is critical for all electronic devices; however, there has been very little progress in the reliability analysis of the wearable electronics LoC devices. Therefore, almost no study proposing a new design of a wearable LoC electronic device ever consider studying the reliability of such a device against environmental stresses. This perspective is written in order to highlight the importance of the reliability analysis of such wearable LoC electronic devices.
2 LOC DEVICES AS WEARABLE ELECTRONICS
Recent developments have focused on designing wearable LoC electronics that are capable of employing non-invasive methods for sensing epidermally retrievable biofluids (such as sweat) (Alizadeh et al., 2018; Lin et al., 2020; Vinoth et al., 2021; Zhao et al., 2021; Kunnel and Demuru, 2022; Hu et al., 2023). Considering the variable flow rate of sweat collection at the epidermis, Lin et al. (2020) devised a programmable microfluidic valve that decouples the influence of flow rate variability at the sensor level and leverages valving to provide biofluid routing and compartmentalization at the system level, eventually enabling an integration with consumer electronics for context-based sensor selection. Apart from the detection of basic parameters such as pH and hydration levels in sweat, Vinoth et al. (2021) devised a high throughput sweat sampling device for detecting the concentrations of lactate, Na+, and K+ ions. The sensors were physically separated in the microfluidic network in order to prevent the mixing of the electrode components. In addition, the sensors reported long term stability and reproducibility for sensing in test conditions. Kunnel and Demuru (2022) developed a microfluidic device that uses a potentiometric Cl− and Ca2+ ion sensing module to enable simultaneous extraction, sampling, and storage of sweat and interstitial fluid along with the monitoring of the Ca2+ and Cl− counterions. Another simplistic approach towards measuring sweat rate was studied by Zhao et al. (2020a), wherein the authors used swellable hydrogels in a geometric pattern, and measured the local sweat rate by studying the extent of swelling of the hydrogels using colorimetric analysis. Similar colorimetric analysis was employed by Zhao et al. (2021) for the detection of pH, chloride, and glucose (based on color hues) in generated sweat using a wearable microfluidic thread/fabric-based analytical device (μTFAD) that was mounted on the skin. This device consisted of hydrophilic dot-patterns on a hydrophobic surface (achieved by embroidering thread into fabric) and these hydrophilic threads transported sweat to the thread-like detection zones.
LoC devices are in their nascent stage of development and the research has been focused towards improving the specificity of detection, increasing the types of ions that can be detected, and enabling optimal methods for simultaneous detection of multiple body fluids through the development of complex and stable microfluidic networks. To enable higher control of the microfluidic network and facilitate conversion of the detected data into a form that is not abstruse to the consumer, flexible electronics are crucial in wearable devices. The development of flexible electronics in the form of foldable and stretchable integrated circuits on “wavy” silicon ribbons on silicon rubber was introduced by Kim et al. (2008). Over the years, different prototypes of flexible electronics have been introduced and studied (Ko et al., 2008; Kim et al., 2009; Cheng et al., 2010; Viventi et al., 2010; Trinh and Lee, 2022), with micro-printed electronics on flexible polymer substrates leading the way for integration with microfluidic patches. These polymer-based substrates facilitate higher degree of conformal adhesion to the non-linear skin surface and enable seamless integration of various electronic circuits with microfluidic devices. Although this new frontier in analyzing biomarkers through the highly sophisticated LoC wearable electronic systems is undergoing rapid developments, unfortunately, most of the studies are merely proof-of-concept investigations, with insignificant emphasis on the related reliability analysis that will ensure stable, reproducible, and robust performance data (over a long time duration of use of the devices across widely varying environmental conditions) that will enable a transition of these devices into full commercialization. This article highlights the need for such reliability studies. In Section 4, we discuss some related (and limited) reliability studies performed on these devices. In the following section, we discuss the future directions of research on reliability of wearable electronics LoC devices.
3 RELIABILITY STUDIES OF LOC WEARABLE ELECTRONIC DEVICES
The reliability of a device is crucial to determining its lifetime and its functions under different conditions and is essential for its success in the consumer market. Major reliability issues that can be associated to wearable electronic LoC devices include 1) reduced specificity of detection, 2) unreliable adhesion of LoC devices or sensors to skin, and 3) unstable biochemical measurements.
Detection of the biomolecules (by the LoC devices) depends on the coupling of a biological detection element (such as enzyme, antibody, oligonucleoid, etc.) and a suitable transducer that monitors the degree of the interaction between the former (detection element) and the to-be-detected biomolecules, thereby furnishing detection specific information (Economou et al., 2018). A reduced specificity of targeted biomolecule detection can be attributed to multiple failures (such as contamination of analyte concentration, failure of the detection module, malfunctioning of the electrical circuits, etc.) in the device, which can provide invalid biomarker detection data.
Adhesion of the LoC devices to skin is crucial for sample collection, and to ensure the continuity of the detection process. If a device is loosely attached, the analyte collection module of the LoC device will fail to function properly. Thus, it is imperative that device specific peel tests (Zhao et al., 2020b; Hojaiji et al., 2020) are conducted to validate the adhesion of these layers among themselves and to the human skin.
Unstable biochemical measurements refer to the variable and non-repeatable biomarker detection results in presence of the same input test conditions. Possible causes can point to the presence of an unstable biological or chemical detection element (Sim et al., 2022); furthermore, such unstable measurements will affect the functioning of the device and might lead to eventual failure. It is therefore of prime importance to understand the root cause of these failures, as it will define the failure modes of these LoC devices in different conditions. Subsequently, the failures can simply be modeled as a function of the stress variables (such as moisture ingress, temperature variations, shock or vibrational loads, and conformal deformations), and the major failure modes can be identified as electromigration, crack propagation, delamination of layers, and contamination of microfluidics (see Figure 1). Further discussions on the effect of these stresses on the device have been provided in the following section.
[image: Figure 1]FIGURE 1 | A schematic representing the various environmental stresses acting on a wearable and flexible Lab-on-a-Chip device (exploded view of the various stacking layers of an LoC device shown on top-right), and the possible failure modes corresponding to long-term usage of these devices.
Other possible reliability issues for the wearable electronic LoC devices include large chemical impedance for non-invasive methods of sample collection (Cunnigham, 2010), mechanical impedance (Moore and Mundie, 1972) and mechanical noise from skin and contaminants (Atalay et al., 2015), electrical impedance of electrode-skin-body interface (Yao and Zhu, 2016), etc. These issues can be addressed at the design level (by using suitable materials) and the noise caused by these cases can be corrected by using suitable data processing algorithms and other methods (Gandhi et al., 2011).
As pointed out earlier, even the most careful studies on designing novel LoC wearable electronic devices rarely test and establish the reliability of these devices. For example, the robustness (in terms of prolonged adhesion reliability) and performance consistency over multiple loading and unloading cycles has not been explored for the swellable hydrogel patch developed for sweat detection (Zhao et al., 2020b). Similarly, other studies on sweat sensing (Zhao et al., 2021; Kunnel and Demuru, 2022) report repeatable results on the device performance, but the long-term stability and failure-free operation of such devices in out-of-lab settings have not been discussed.
Since wearable LoC devices are prone to continuous stretching, bending, twisting, and folding deformations, the chances that these devices will fail (on various modes, such as delamination, electrical damage, etc.) are relatively high. Considering the mutual dependance of an integrated multi-layered conformal patch consisting of various microfluidic and electrical sensing modules, the adhesion of these layers to themselves and the non-linear surface of the skin is of crucial importance. Kim et al. (2017) studied the adhesion of anisotropic conductive films and their effect on the bending reliability of chip-in-Flex packages. They used oxygen plasma treatment to improve the adhesion between the conductive films and flexible printed circuit substrates and demonstrated stable adhesion up to 160,000 bending cycles without any electrical failures. Similar air plasma treatment helped improve the adhesion of PLA layers, as shown in a study by Lopresti et al. (2022). Using a different approach, Yeo et al. (2016) devised a eutectic gallium indium based thin film microfluidic tactile sensor and reported its robustness in withstanding more than 2,500 loading and unloading cycles. The highly sensitive deformation detection was enabled by the fluid displacement which corresponded to a change in electrical resistance. Cheng et al. (2010) devised a flexible 900 MHz RF (radio frequency) radiation sensor consisting of an elastic antenna and a cluster of conventional rigid circuit for RF power detection that could withstand planar stretching up to 15% elongation and demonstrate reliable performance against folding and twisting deformations. Hojaiji et al. (2020) developed an autonomous wearable system that employs iontophoretic actuation to activate modules for sweat detection and analysis. They performed 180o peeling tests to characterize the adhesion strength of the device to human skin and between different layers of the device. However, the adhesion reliability has not been explored for long-term use of the devices. In retrospect, there are fewer studies available that delve into the long-term reliability of these wearable LoC technologies.
4 DISCUSSIONS
In simpler terms, a wearable device for the consumer needs to be effectively functioning (i.e., the performance degradation of these devices over time should stay above a defined threshold value) for a few years in the presence of standard operating conditions. It should cause no discomfort to the user and should be medically safe. In case of a microfluidic skin patch, for example, qualitatively it should be compatible with human skin, and most importantly, must not fall off from the user (i.e., a sustainable adhesion of the device to the skin should be ensured). In addition, the wearable device is exposed to various environmental stresses such as hygroscopic conditions (i.e., moisture from skin and environmental humidity), temperature variations, shock and/or vibrations from the user and/or environment, and contamination from the body and environment (i.e., bacteria from skin, sweat minerals or protein accumulation on skin from dead skin cells, etc.) (Boysen et al., 1984; Grice and Segre, 2011) as shown in Figure 1. Moisture is a major deterrent to functional electronic circuits and upon exposure can cause electromigration and localized electrical overstress leading to partial or complete failure of the circuit. Since electronics integration is a significant aspect of continuous data retrieval from the microfluidics sensing hardware and if coupled with the process of sample collection, sensing and manipulation, is integral to the basic functioning of the device, the probable failure of these electronics is of prime concern. Furthermore, these circuits are prone to being subjected to frequent stresses corresponding to stretching, folding, bending, and twisting deformations which increase their susceptibility to failure through various modes such as crack initiation and propagation in printed traces, delamination of the conformal layers, and contamination with the electro-chemical networks in the microfluidic channels (Figure 1).
For example, consider a simple wearable LoC device that samples human sweat, detects the concentration of specific ions, and reports back to a memory storage or a server through RF modes. To evaluate the reliability of the device based on stresses due to temperature and humidity, a suitable Temperature-Humidity Bias (THB) accelerated stress testing standard can be used. Based on the standard, a given sample size of devices will be subjected to multiple cycles of stresses (type and profile of stresses can be designed as per requirement). The key performance indicators (KPIs) for the device can be the percentage accuracy of biomarker detection (or any electrical or chemical parameter that defines the detection sensitivity), volume of analyte extracted, detection agent concentration, electrical continuity in the circuits, specified voltage gradients (if any), RF transmission efficiency, etc. The KPIs should be checked before, during, and after the devices have been subjected to accelerated testing: this will help to portray the performance degradation observed in the device. A device can be said to have failed if the respective KPIs drop below a specified threshold value. Subsequent analyses will help to find the root cause of these failures and can point towards one or more of the failure modes mentioned in this article or suggest a new failure mode. Similarly, for a device whose reliability is to be evaluated based on conformal deformations, the device can be subjected to multiple cycles of bending, stretching, and twisting deformations and its failure profile subsequently measured. Based on the root causes observed specific to different stress conditions, suitable design/operational modifications can be deployed to ensure the creation of a highly reliable LoC device.
Further research should be conducted in the domain of creating more reliable LoC devices. A deeper understanding of the failures and the factors causing them are necessary to resolve these issues, and well-designed reliability tests can provide substantial insight into the physics behind these failures. Considering, for example, a case of the delamination of a layer that is caused by higher stress concentrations at the adhesive surfaces, a suitable approach will be to use a material that has higher adhesion strength [as shown by Hojaiji et al. (2020)] or redesign the device to allow for lower stresses at that interface. Similarly, if moisture ingress is found out to be the major source of failures, the device should have either hydrophobic materials or materials with low water absorption properties [such materials have been developed in the studies by Younas et al. (2019) and Ghosh and Ahn (2019)] on the exterior. It is a matter of concern that substantial research on the reliable functioning of LoC devices is lacking in literature.
Therefore, reliability studies on the performance degradation of these devices are of prime importance. Such studies should include investigations on different failure modes observed, the effectiveness of analyte sampling and detection after prolonged usage (conditions mimicking prolonged usage are reproduced, over a much short period of time, by applying accelerated stress testing conditions), device-specific electrical characteristics, the adhesion consistency between the multiple layers of the device, and the adhesion to the skin. Our perspective aims at providing insights and future research directions to research groups and commercial entities to develop reliable wearable devices for health monitoring.
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