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Abstract 
 

Current cardiac monitoring devices are rigid, bulky, and integrate poorly with the human skin, 

obstructing health monitoring for longer periods. With the miniaturization of electronics, soft 

and stretchable polymer substrate-based cardiac monitoring device is being developed at 

Mycronic AB to overcome the aforementioned issues and replacing the traditional rigid 

electronics-based cardiac monitoring devices. Manufacturing of stretchable cardiac monitoring 

device includes new materials and manufacturing techniques as well as different end-of-life 

treatments. The sustainability of this kind of stretchable device is often enquired by curious 

customers and environment enthusiasts. Without a comprehensive scientific study on the 

environmental performance of this device, it is difficult for the manufacturer to answer such 

inquiries. Hence, this study aims to carry out a comparative Life Cycle Assessment (LCA) of 

rigid and stretchable cardiac monitoring devices. The LCA for both the devices was based on 

ISO 14044:2006 standards. The impact assessment method used was ReCiPe 2016 

(Hierarchist). The LCA results showed that the stretchable cardiac monitor had significantly 

lower impacts than its rigid counterpart. Lower usage of Printed Circuit Board (PCB) in the 

stretchable device was the main reason for its better environmental performance. The PCB was 

identified as the major environmental hotspot in both the devices.   
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Sammanfattning 
 

Nuvarande hjärtövervakningsanordningar är styva, skrymmande och dåligt integrerade med 

människans hud och hindrar övervakning under längre perioder. Inom ramen för det europeiska 

forskingsprojektet SINTEC har  Mycronic bidragit till  att utveckla en ny design och 

tillverkningsmetod för en mjuk och töjbar polymersubstratbaserad övervakningsanordning för 

att övervinna de ovan nämnda hindren med de traditionella alternativ. Tillverkning av töjbar 

hjärtövervakningsanordning inkluderar nya material och tillverkningstekniker som ger en ökad 

hållbarhet som ofta efterfrågas av nyfikna kunder och miljöentusiaster. Men utan en omfattande 

vetenskaplig studie om enhetens miljöprestanda är det dock svårt för tillverkaren att besvara 

sådana frågor, och därför syftar denna studie till att utföra en jämförande livscykelanalys 

(LCA) av styva och töjbara hjärtövervakningsanordningar. LCA för båda enheterna baseras på 

ISO 14044: 2006-standarder. Den konsekvensbedömning som användes var ReCiPe 2016 

(Hierarchist). LCA-resultaten visade att den töjbara hjärtmonitorn hade signifikant lägre 

påverkan än dess styva motsvarighet. Lägre användning av kretskort (PCB) i den töjbara 

enheten var den främsta anledningen till dess bättre miljöprestanda och just PCB identifierades 

som den viktigaste miljöhotspoten i båda enheterna. 

 

Nyckelord: Livscykelbedömning (LCA), hjärtövervakningsanordningar, stretchbar elektronik 
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Chapter 1 Introduction  
 
  
1.1 Background 

The population in Nordic countries is ageing. It is estimated that by 2050, a quarter of citizens 
in Nordic countries would age 65 years and above (Healthcare, B.N. 2018). Such a shift in the 
demographics of the region could impose a severe strain on its healthcare system. Even a 
country like Sweden, globally renowned for its healthcare system does not perform 
comparatively well in the parameter of accessibility of healthcare. One of the reasons behind 
this is the distant locations of the health care facilities in thinly habituated areas (Blix& Levay 
2018). One potential solution to this problem is the use of mobile, wearable health monitoring 
systems, in which the medical condition of the patients can be monitored and diagnosed 
remotely. This remote health monitoring system is enabled by wearable electronic devices that 
can transfer the monitored data remotely through a handheld device like a smartphone 
(Malwade et al. 2018). 

The currently available wearable health monitoring devices are made up of traditional, rigid, 
and bulky electronics. Owing to this, they can’t be worn comfortably on the irregular surfaces 
of the human body. Miniaturization in electronics has caused the transition from rigid, bulky 
traditional electronics to thin, stretchable, and compact electronics.  This has brought great 
convenience, safety, and efficiency to our lives. One such application of stretchable electronics 
is the stretchable electronics-based health monitoring devices that can be worn easily on the 
human skin for longer times than its rigid electronics-based counterpart. Such stretchable 
electronic devices consist of an elastomeric substrate that can be stretched over complex 
surfaces without compromising its electronic functionality. Figure 1.1  shows the example of a 
rigid sensor and a stretchable sensor.  
  

   
 

Figure 1.1 Rigid Sensor (left) & Stretchable Sensor(right) (SINTEC, 2019) 

  
SINTEC (Soft Intelligence Epidermal Communication Platform) is a European Union funded 
project that aims to develop a soft, sticky stretchable sensor patch that can be used in health 
care and athletic performance assessment for longer periods. Accordingly, stretchable 
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electronics based cardiac monitoring device has been developed at Mycronic AB, one of the 
participating organizations in this project. This stretchable device could be a potential 
replacement for the conventional rigid cardiac monitoring device.  
 
Manufacturing of stretchable devices requires novel materials and processes such as liquid 
metal, stretchable polymer substrates, jet printing, etc. With an increased demand for 
sustainability, the questions of eco-friendliness of the stretchable device are often encountered 
by the researchers at Mycronic. Lack of research to calculate the environmental impacts of the 
stretchable device makes such questions difficult to answer.  According to our knowledge, 
there is hardly any full-fledged study commenting upon the sustainability aspect of wearable 
electronic cardiac monitoring devices especially stretchable electronics-based cardiac 
monitoring devices. A simplified Life Cycle Assessment (LCA) of a flexible paper-based cable 
of electrocardiogram (ECG) was carried out by Wan (2017). However, the scope of this study 
is just the production phase, neglecting the other phases of its life cycle. In this scenario, our 
investigation aims to carry out a comparative LCA of conventional rigid and newly developed 
stretchable cardiac monitoring devices. 
  

1.2 Problem Statement 
  

Mycronic AB is a Swedish high-tech company that designs, develops, and manufactures 
machines for the efficient production of electronic devices.  Realizing the potential of 
stretchable electronic technology, a novel production line concept has been developed by 
Mycronic for the manufacturing of stretchable electronic products. However, the 
environmental impacts of stretchable electronic products are not known completely. With the 
emergence of stricter environmental regulations and increased awareness about sustainability, 
Mycronic encounters questions on environmental impacts during the whole lifecycle of these 
products from the customers and public authorities. Lack of comprehensive scientific data on 
their environmental performance makes it difficult to answer such questions. Therefore, this 
thesis aims to study and compare the environmental impacts of the stretchable electronic 
products with the traditional rigid electronic products using the Life Cycle Assessment 
(LCA) methodology.  Since health monitoring is an important application of stretchable 
electronics technology, a cardiac monitoring device has been chosen as a product for this 
comparative LCA study. 
 
1.3 Objectives of the thesis  

 
The main objectives of this thesis are:  

• To understand the LCA methodology and implement it to quantify the environmental 
impacts of rigid and stretchable cardiac monitoring devices. 

• To identify the “hot spots” causing major environmental impacts in the life cycle of 
both the products.  

• To make recommendations for improvement of the environmental performance of 
stretchable cardiac monitoring device.  
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1.4 Research Questions 
 

This study answers the following research questions: 
• Which of the two devices, rigid or stretchable cardiac monitoring device, caused 

lesser environmental impacts, using the available data and LCA method? 
• What were the major contributors to the environmental impacts in both, rigid and 

stretchable cardiac monitoring devices? 
• How can the environmental impacts of the stretchable cardiac monitoring device be 

minimized?  
 
1.5 Research Methodology & Tools 

 
The cyclical research process described by Leedy (1989) was adopted in this study as depicted 
in figure 1.2. This process began with an unanswered question: Are stretchable devices more 
sustainable than the corresponding rigid devices? To explore this question, a clear problem 
statement was defined. A case study was formulated. A rigid and stretchable cardiac monitor 
was chosen to be evaluated based on their environmental performance using the LCA method. 
The problem statement was further divided into research questions mentioned in the previous 
 

 
Figure 1.2 Cyclical Research Process 

section. After that, preliminary data was collected and a rough LCA was carried out. This 
pointed to a tentative solution. Data was collected more systematically. Once the data was 
collected, it was processed, and the results were interpreted from the processed data. Finally, 
the conclusions were made and suggestions for future research work were made. The key 
research tools used in this study were online databases and LCA software SimaPro. Google 
Scholar and Science Direct were the online databases used extensively to find relevant 
academic journals, scientific publications, and books. The LCA data were partly collected from 
literature and acted as the input for SimaPro. SimaPro processed the input data and derived the 
LCA results. 

Cyclical 
Research 
Process

1. 
Unanswered 

Question

2. Problem 
statement 
definition

3. Formulation 
of research 
questions

4. Preliminary 
data collection 

& tentative 
solutions

5. More 
systematic 

data collection

6. Data 
processing & 
interpretation 

of results
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1.6 Outline of the thesis  
 

The thesis has been organized in the chapters as follow:  
Chapter 2 Stretchable & Flexible Electronics: This chapter includes an extensive literature 
review on stretchable and flexible electronics, their architecture, applications, and challenges. 
 Chapter 3 Life Cycle Assessment: This chapter reviews the important terms and concepts of 
LCA, its framework, limitations, etc. 
 Chapter 4 Product and Life Cycle Description: This chapter describes the rigid and cardiac 
monitoring devices and their respective lifecycles.  
Chapter 5 Goal & Scope Definition: This chapter defines the goal and scope of our LCA 
study, its functional unit, system boundaries, impact assessment method, impact categories, 
and assumptions. 
Chapter 6 Life Cycle Inventory Analysis: This chapter summarises the Life Cycle Inventory 
data collected for both the products in our study. 
Chapter 7 Life Cycle Interpretation: This chapter discusses the results of the Life Cycle 
Impact Assessment done in the LCA software SimaPro. 
Chapter 8 Conclusions & Further Work: This chapter makes conclusions and 
recommendations for sustainable manufacturing of products and points the further direction of 
research in this field. 
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Chapter 2 Stretchable and Flexible Electronics 
 

2.1 Introduction 

Soft, stretchable, and flexible electronics are an emerging class of electronics where the 
electronic devices and components are deposited on stretchable and flexible substrates. As 
opposed to the traditional rigid electronics devices like a rigid printed circuit board (PCB), 
stretchable devices are highly deformable and can withstand higher mechanical strains without 
losing its electronic functionality (Fernandes, 2019). Figure 2.1 depicts the different shapes in 
which a flexible substrate could be deformed by the application of forces in different directions.  
This new class of electronics has revolutionized many domains like remote health monitoring, 
stretchable batteries and photovoltaics, flexible displays, smart textiles, electronic skin, soft 
robotics, and wearable computing, etc. This chapter briefly summarizes the materials and 
architecture of stretchable electronics, their manufacturing, applications, and challenges faced. 

 

 

Figure 2.1 Stretchable substrates (Wagner & Bauer, 2012) 

2.2 Design of Stretchable Electronics 

Owing to its stretchability and flexibility, stretchable electronics have pushed the limits of 
traditional silicon-based electronics. A stretchable electronic product consists of 3 
fundamental components as illustrated in figure 2.2.  

• Stretchable Substrate: The substrate is generally an elastomeric material which can be 
conformed to the required shape that could be mounted on a curvy or irregular surface 
like skin, tissues, or muscles. 

• Metallic Interconnects: The stretchable metallic interconnections deposited on the 
substrate connect the neighboring island cells electrically. 

• Stiff Subcircuit Islands: These are rigid components on which the electronic devices 
are fabricated. 

 



6 
 

 

Figure 2.2 Architecture of stretchable electronics (Lamour, 2006) 

2.3 Stretchable Electronics in Wearable Health Monitoring 

Stretchable electronics have paved a way for non-invasive, wearable, and wireless health 
monitoring devices. These devices in the form of flexible sensors can easily be mounted on the 
human body like a bandage. These flexible sensors can monitor glucose levels through sweat 
and tear analysis as opposed to the traditional finger pricking method. Heartbeat and pulse rate 
could also be monitored using sensors made up of ZnO-based flexible fibers, Pt coated 
nanofibers, CNT films, Au nanowires, etc. Flexible sensors using conductive materials and 
temperature-sensitive polymers (Wang, Liu & Zhang, 2017). These flexible sensors along with 
the memory devices and wireless transmission technology can help in remote and real-time 
health monitoring. Figure 2.3 summarizes the different parameters of the human body that can 
be monitored by these flexible sensors. 

 

Figure 2.3 Stretchable and flexible electronic devices for health monitoring (Liu, 2017) 
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2.4 Previous Research on Sustainability of Stretchable Electronics 

Stretchable and flexible electronics have great potential in transforming our lives due to their 
lightweight, mechanical flexibility, low cost, biocompatibility, ease of use, etc. With further 
advancements and developments in material and manufacturing processes for stretchable and 
flexible electronics, the use of such devices is anticipated to rise in the future. On the other 
hand, the increased awareness about global warming, ozone layer depletion, climatic change, 
etc. sustainable manufacturing has gained a lot of attraction in the industrial sector. In such a 
scenario, Sustainable Product Development (SPD) has become an integral part of the 
sustainability agenda of the manufacturers as well as the public authorities. Thus, the 
sustainability constraint needs to be included right from the product development stage. One 
such tool to assess the environmental performance of a product right from its raw material 
extraction to disposal is Life Cycle Assessment (LCA). 

There is very little work done on investigating the environmental impacts of stretchable 
devices. To the best of our knowledge, very few LCA studies for stretchable electronics have 
been carried out. Kunnari (2009) did a preliminary LCA study of a printed wristband fabricated 
using the inkjet printing process and conventional lithography. Inkjet printing with optimized 
parameters was reported of causing fewer environmental impacts. LCA studies by Kanth 
(2011, 2012, and 2013) concluded that printed polymer substrate-based RFID technology is 
more sustainable than conventional rigid PCB technology.  

Liu (2014) and co-workers carried out a comparative LCA of conventional organic-based 
printed circuit boards (O-PCBs) and paper-based printed circuit boards (P-PCBs) and 
recommended the use of P-PCBs for reducing the environmental impacts. In recent years, Wan 
(2017) showed through LCA that inkjet-printed flexible cables for ECG monitoring system are 
more eco-friendly than the rigid ones. Ma (2017) tested if a wearable smartwatch is a “green 
product” using LCA and energy dispersive x-ray (EDX) spectroscopy. Ahmed (2017) found 
that roll to roll manufactured modules of TENGs were more environmentally friendly than the 
traditional photovoltaics.  

From, the above literature study, it was quite evident that LCA thinking is not fully 
indoctrinated into stretchable and flexible electronics design and manufacturing. Therefore, 
Life Cycle thinking is recommended to identify the environmental impacts of this new 
technology. It includes recognizing the natural resources and energy consumed along with the 
wastes and emissions to the environment at every stage of the product’s life cycle. Inspired by 
this way of thinking, this study undertakes a comparative LCA study of a rigid and stretchable 
cardiac monitoring device. 
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Chapter 3 Life Cycle Assessment 
 

3.1 Introduction 

The growing awareness about the environmental impacts of products among the manufacturers 
and consumers has led to the development of various methods and tools to measure, analyze 
and understand the life cycle impacts of products to improve environmental performance. One 
such method is the Life Cycle Assessment (LCA). LCA is a method to calculate the 
environmental impacts such as carbon footprint, acidification, eutrophication,  energy usage, 
etc. from a product/process/activity.  

The International Organization for Standardization (ISO) defines the Life Cycle Assessment 
(LCA) in its ISO 14040 series as “a technique for assessing the environmental aspects and 
potential impacts associated with a product, by- compiling an inventory of relevant inputs and 
outputs of a product system; evaluating the potential environmental impacts associated with 
those inputs and outputs; interpreting the results of the inventory analysis and impact 
assessment phases in relation to the objectives of the study” (ISO, 1997).  

The quantitative results of an LCA study could be used as a justification for improvements in 
product and process designs, strategic planning, policy-making, etc. Figure 3.1 depicts the 
assessment of environmental impacts through inputs and outputs of different life cycle stages 
used in the LCA method. The input and output flows for each phase from raw materials 
extraction to waste management are mapped. The inputs include mainly raw materials and 
energy consumed. The outputs include different types of wastes, toxic emissions, and co-
products. 

 

 

Figure 3.1 Illustration of LCA encompassing the different stages of a product’s life cycle 
(EPA, 1993) 
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3.2 Product Life Cycle 

Currently, most of the products are disposed of into the environment instead of 
reusing/recycling/remanufacturing to conserve natural resources. It is necessary to understand 
the whole life cycle of a product while analyzing the environmental performance of the product. 
In each stage of its life cycle, a product creates different environmental impacts. Therefore, it 
is necessary to understand the origins of the impacts in these stages to monitor and improve a 
product’s environmental performance.  The product life cycle starts with the extraction of raw 
materials from the earth and ends with its disposal or reuse/recycling of the disposed of the 
product. It consists of the following stages: 

 

• Raw Material Extraction: It includes activities for acquisition of the raw material 
from nature like extraction of metals from the ore, processing of metal or alloy ingots, 
refining crude oil, etc. 

• Manufacturing: It consists of activities involved in the transformation of raw materials 
into finished goods like the shaping of parts from metals/alloys, assembling of parts 
into sub-assemblies and assemblies and packaging of final products, etc. 

• Use: It involves the distribution of the product from manufacturers to the sale outlets, 
purchase of the products by the customers, installation of the products, their regular 
use, and maintenance/repairs of the products. 

• Disposal/Waste management: Once the product is used, it should be reused by 
repackaging and reselling or recycled at the recycling stations if possible. However, if 
these activities are not possible, the product is dumped in landfills or incinerated. 

 
3.3 Need for LCA 

LCA is a very useful tool in obtaining thorough quantitative data on a product’s environmental 
emission. Developing comprehensive data on the product’s environmental performance 
facilitates better justification for its sustainability and eco-friendliness claims. LCA assists one 
to  

• Calculate the environmental impacts of a product/process. 

• Identify and justify the product and process improvements. 

• Compare and analyze different alternatives for products and processes. 

• Comply with environmental regulations like eco-labels, energy labels, etc. 
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3.4 LCA Framework 

Like any other scientific methodology, LCA is an organized, multi-stepped, and internationally 
standardized method. The framework of LCA is described by ISO 14044:2006 standard. LCA 
is carried out in the following four phases as illustrated in figure 3.2.  

• Goal and Scope Definition: It includes defining the goal of the study, determining the 
system boundaries, deciding upon the impact categories and method to be used, 
assumptions, etc. 

• Life Cycle Inventory Analysis: It involves mapping of inputs like raw materials and 
energy from the environment and outputs like emissions and wastes to the environment. 

• Life Cycle Impact Assessment: Evaluating the environmental impacts associated with 
the inputs and outputs. 

• Interpretation: Making informed decisions based on the results of the LCA study. 

 

 

Figure 3.2 Phases of LCA (ISO 2006) 

 

3.4.1 Goal and Scope Definition 

The formulation of the goal and scope of the LCA is the first and most crucial stage in the LCA 
framework. The goal and scope defined here guide the LCA modeling process and hence, 
should be defined clearly. Therefore, it is advisable to spend sufficient time in this step.  

Based on ISO 14044:2006, the goal definition includes the following key aspects (ILCD, 
2010): 

• Intended Application(s): The goal definition must clearly and unambiguously describe 
the intended application of the LCA results. The applications include the development 
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of the Environmental Product Declaration (EPD), Green Procurement, and Eco-design, 
etc. using the LCA approach. 

• Method, Assumption, and Impact Limitations: The goal definition must state if there 
are limitations of LCA methods and assumptions of system characteristics as they 
influence the results and their interpretations. 

• Reasons for carrying out the study: The goal definition must mention the reasons, 
drivers, and motivators of carrying out the LCA study. For instance, a reason for 
carrying out an LCA study could be to analyze if a particular product or technology 
performs better than its competitors. 

• Target audience: The goal definition must also identify the audience to whom the results 
of the study are intended to be communicated. The target audience helps to determine 
the level and the form of documentation as well as the review process. 

• Comparative Assertions intended to be disclosed to the public: The goal definition must 
clarify if any comparative analyses are disclosed to the public 

• Commissioner of the study and other influential actors: The goal definition must tell 
who is commissioned to carry out the LCA study, the financing organizations, LCA 
practitioners and developers, etc. 

The scope of an o LCA should  cover the following aspects (Curran, 2015): 

• System Function: It refers to the function(s) of the system being studied in LCA. It can 
also be defined as the performance characteristic of the product. 

• Functional Unit: It is the reference unit to which the inputs and outputs are mapped. 

•  System Boundaries: A system consists of a series of interconnected unit processes. The 
system boundaries must contain all the required processes for intended LCA 
considering the effect of excluded processes or product life cycle stages. 

• Co-product Allocation: A process may produce more than one product. Such processes 
are called multifunctional processes. Thus, it is necessary to divide the process inputs 
and outflows between the products. 

• Impact assessment: The scope must state the impacts to be assessed and the impact 
assessment method as it influences the data collection. 

 

3.4.2 Life Cycle Inventory Analysis 

Life Cycle Inventory Analysis (LCI) involves quantifying the inputs and outputs for each unit 
process within the system boundaries. The inputs include the natural resources and energy 
required for the unit process and the outputs refer to products, wastes, and emissions to the 
environment as illustrated in figure 3.3. It is the most time consuming and resource-intensive 
phase in an LCA study.  
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ISO 14044: 2006 standard mentions the following key steps in conducting LCI: 

• Collecting data: The inventory data should be collected for every unit process from various 
sources like LCI databases, public databases, equipment labels, product catalogs, surveys, 
questionnaires, and interviews, etc. It is advised to prepare clear flow diagrams along with 
a sufficient description of the unit processes, flows, relevant process data, units, and 
calculation techniques. 

• Calculating data: The calculation procedures used should be documented clearly. The same 
procedures should be used throughout the study. Allocation procedures should be used for 
allocating inputs and outputs to different products from a multifunctional process. 
Calculation of energy consumption must take into consideration the source of electricity 
like fossil fuels, renewable sources, and distribution methods. 

• Validating data: The data collected could be validated by techniques like checking for mass 
and energy balances, evaluating data against the data quality indicators (DQIs), etc. 

3.4.3 Life Cycle Impact Assessment 

Life Cycle Impact Assessment (LCIA) is the stage where the results of the Life Cycle Inventory 
analysis are translated into environmental impacts and their effect on humans, natural 
resources, and climate. According to ISO 14044:2006 standard, the mandatory elements in this 
phase include: 

• Selection of Impact Categories: It involves identifying the potential impact categories 
to be used in the study like global warming, acidification, and eutrophication, etc. Table 
3.1 summarizes all the major environmental impact categories that are typically used in 
an LCA study. 

• Classification: It involves assigning the LCI results to relevant impact categories like 
assigning SOx emissions to the acidification impact category. 

• Characterization: It includes the calculation of impacts based on scientific methods in 
an impact category like calculating the impacts of SOx and NOx emissions in the 
acidification category. 

Figure  3.3 Input and Output flows for a unit process 
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There are two approaches used for LCIA; the midpoint approach and the endpoint approach.  
For instance, if 1 kg of wood is combusted, we calculate how much carbon dioxide is emitted 
and therefore, determine the resulting global warming potential in kg equivalent of 
CO2(midpoint approach) along with its impact on human health in years of life lost (endpoint 
approach). Figure 3.4 depicts the midpoints and endpoints in LCA. 

Impact 
Category 

Scale Emissions Characterization 
Factor 

Unit 

Global 
Warming 

Global CO2 , NO2, CH4, CFCs, 
HCFCs, CH3Br  

Global Warming 
Potential 

CO2 equivalents 

Stratospheric 
Ozone 

Depletion 

Global CFCs, HCFCs, CH3Br 
, Halons 

Ozone Depleting 
Potential 

CFC-11 
equivalents 

Acidification Regional 
Local 

SOx, NOx, NH4, HCl, 
HF 

Acidification 
Potential 

H+ equivalents 

Eutrophication Local PO4, NO, NO2, NH4, 
Nitrates 

Eutrophication 
Potential 

PO4 equivalents 

Photochemical 
Smog 

Local Non-methane 
hydrocarbon (NHMC) 

Photochemical 
Oxidant Creation 

Potential 

ethane (C2H6) 
equivalents 

Terrestrial 
Toxicity 

Local Toxic chemicals with a 
reported lethal 

concentration to 
rodents 

LC50 1,4-DB 
equivalents 

Aquatic 
Toxicity 

Local Toxic chemicals with a 
reported lethal 

concentration to fish 

LC50 1,4-DB 
equivalents 

Human Health Global 
Regional 

Local 

Total releases to air, 
water, and soil. 

LC50 1,4-DB 
equivalents 

Resource 
Depletion 

Global 
Regional 

Local 

Quantity of minerals 
and fossil fuels used 

Resource 
Depletion 
Potential 

kg oil equivalents 

Land Use Global 
Regional 

Local 

Quantity disposed of in 
a landfill or other land 

modifications 

Land Availability square meters 

Water Use Regional 
Local 

Water used Water Shortage 
Potential 

cubic meters 

 

Table 3.1 Commonly used impact categories (SAIC & Curran, 2006) 
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Figure 3.4 Midpoint and Endpoint Impacts in LCA (Arce, 2018) 

The optional elements in this phase include: 

• Normalization: In the normalization procedure, the impact category results are 
divided by a standard reference value to make a comparison among the impact 
categories.  

• Grouping: Grouping refers to the sorting of impact categories based on characteristics 
such as emissions (emissions to air, land, water) or ranking like high impact, moderate 
impact low impact, etc.  

• Weighing: Weighing refers to assigning weights to different impact categories based 
on their importance to emphasize the potential impact categories. 

3.4.4 Life Cycle Interpretation 

The last phase in the LCA framework is the interpretation of results obtained from LCIA. It 
involves the analysis of the results, limitations of the study, and making suggestions based on 
the results. It identifies opportunities for improvements throughout the product’s life cycle. 
According to ISO 14044:2006 standard, the interpretation stage has the following elements: 

• Identification of the significant issues based on the results of the previous phases like 
raw materials, energy, emissions or impact categories or the contribution of different 
life cycle phases in LCIA 

• Evaluation of the study in terms of its completeness, sensitivity of the data collected 
and impact assessment methods, and  checking the consistency with the goal and scope 
definition 

• Making conclusions, limitations, and recommendations from the study. 
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3.5 Iterations in LCA 

Generally, the LCA study is done in an iterative approach. Sometimes, more data becomes 
available especially in the LCIA phase with time. This influences the interpretation phase and 
also requires revisions in the goal and scope definition. To accomplish the required precision 
of the LCA study, it is advised to collect the data in iterations and keep track of the data sources. 
The documentation of the study in parallel to work is also recommended as the preliminary 
documentation serves as a basis for further refining during the iterations (ILCD, 2010). Figure 
3.5 schematically represents the iterative approach of the LCA study with intermediate 
checkpoints. 

 

 

 

Figure 3.5 Iterations in LCA study (ILCD,2010) 
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Chapter 4 Case Study 
 

The methodology of this investigation involves a comparative life cycle analysis of a rigid and 
stretchable cardiac monitoring device. To construct a life cycle model of a product, it is 
necessary to study the product and its life cycle. This chapter introduces both rigid and flexible 
cardiac monitoring devices along with their life cycle description  

4.1 Product Description 

A cardiac monitoring device is used to measure and display the heart rate of humans 
continuously. It consists of a chest strap containing an electrode sensor that can detect the 
heartbeats and transmit the data to a receiver like a smartphone or a watch. These devices have 
found great applications in sports performance monitoring where the heart rate is used as an 
indicator to assess the intensity of the training and in personal health monitoring of patients 
suffering from cardiac diseases, blood pressure, and other respiratory diseases. Traditionally, 
these devices consisted of large chest traps and rigid monitors as described in the next section. 
However, with the advancements in stretchable electronics technology, compact monitors with 
small and wearable chest straps have been developed recently. Figure 4.1 shows a wearable 
cardiac monitoring device. 

 

    

Figure 4.1 A wearable cardiac monitoring device (Preventice Solutions Inc.) 

4.1.1 Rigid Cardiac Monitoring Device 

The rigid cardiac monitoring device considered in this study consists of a monitor and strap as 
shown in figure 4.2. The strap consists of a self-adhesive patch that is worn on the skin. It is 
made out of polyurethane and acrylic adhesive. The interconnections are printed on this strap 
using silver nitrate ink. The monitor is mounted on the strap. It consists of the outer casings of 
ABS polymer, Li-ion battery, sensor, and PCB inside the casings. 
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Figure 4.2 Rigid Cardiac Monitoring Device 

4.1.2 Stretchable Cardiac Monitoring Device 

The stretchable cardiac monitoring device considered in this study consists of a lithium-ion 
battery, liquid metal interconnections, and a PCB embedded on a stretchable substrate made 
up of PDMS polymer. The liquid metal (LM) used here is Galinstan, a eutectic alloy of gallium, 
indium, and lead. The stretchable device is compact and lightweight as compared to the rigid 
device. It must be noted that the stretchable device is still in the prototype phase and has not 
been made commercially available. The rigid device in this case is a commercially available 
product. Figure 4.3 illustrates the stretchable cardiac monitoring prototype.  

 

 

Figure 4.3 Stretchable Cardiac Monitoring Device 

4.2 Life Cycle Description 

The life cycles of both products were studied. The life cycle was divided into four phases: 
Raw Material Extraction, Manufacturing, Use, and End of Life (EoL) phases. These phases 
are described in detail in the following sections. 
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4.2.1 Life Cycle of Rigid Cardiac Monitoring Device 

Raw material extraction 

The extraction of raw materials from nature for both the monitor and strap is included in this 
stage. It includes raw material production for a monitor like ABS, Li-ion battery, PCB 
laminates, steel, bronze, etc. The strap includes the synthesis of silver nitrate, production of 
paper, polyvinyl chloride (PVC), polyurethane, polyethylene, and acrylic binder. 

Manufacturing 

This phase includes the production of individual components of the monitor and strap and their 
assembly. The manufacturing of the monitor involves injection molding of ABS to form the 
outer casings, production of PCB from laminates and semiconductor devices, drawing of 
metallic wires and sensor electrodes, etc. The monitor is produced by a supplier in Kempele, 
Finland. The strap is fabricated using roll to roll printing process at Helsingborg, Sweden. 

Use 

The use phase involves the transportation of the strap and monitor to Stockholm, Sweden where 
it is assembled and used by the customer. The straps and monitors are assumed to be transported 
by lorry freight. The energy supplied by the one non-rechargeable lithium-ion battery 
throughout the product life was calculated to be 204 mWh and was considered in this case. 

End of Life 

The product was assumed to be used and disposed of in Sweden. Based on Eurostat’s data for 
the recycling rate of Waste Electrical and Electronic Equipment (WEEE), 47% of the products 
were assumed to be recycled (Eurostat, 2017). The remaining 53 % were assumed to be 
incinerated. The recycled materials included ABS and metallic wires. The strap and PCBs were 
assumed to be incinerated as hazardous industrial waste. 

The life cycle of the rigid product is illustrated in figure 4.4.  

 

Figure 4.4 Life Cycle of a Rigid Cardiac Monitoring Device 
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4.2.2 Life Cycle of Stretchable Cardiac Monitoring Device 

Raw material extraction 

The extraction of raw materials from nature for the stretchable device is included in this stage. 
It includes raw material production of PDMS, polythene film, Li-ion battery, Liquid Metal 
Galinstan, PCB laminates, etc.  

Manufacturing 

This phase includes the production of individual components and their assembly. The 
manufacturing of this product involves jet printing and dispensing of liquid metal on the 
substrate, production of PCB from laminates and semiconductor devices, sintering of the 
deposition in the oven, etc. This prototype was fabricated at Mycronic AB in Stockholm, 
Sweden. 

Use 

The use phase involves the energy consumed by this device throughout its utilization. The 
energy supplied by the one non-rechargeable lithium-ion battery throughout the product life 
was calculated to be 240 mWh and was considered in this case. The transportation of the final 
product from Täby to Stockholm using lorry freight is also included in this phase. 

End of Life 

The device was assumed to be used and disposed of in Sweden. Since this device is in the 
prototype stage and no data regarding its disposal was available, it was assumed that this device 
is 100 % incinerated as hazardous industrial waste. 

The life cycle of the stretchable device is illustrated in figure 4.5.  

 

Figure 4.5 Life Cycle of a Stretchable Cardiac Monitoring Device 
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Chapter 5 Goal and Scope Definition 
 

5.1 Goal of the study 

The goal of this study is to compare and assess the environmental impacts of a rigid and 
stretchable cardiac monitoring device. It is a comparative cradle to grave LCA study that 
compares both of these products and informs its audience (Mycronic AB and other partners in 
the SINTEC project) which one is more environmentally friendly and sustainable based on the 
environmental impacts associated with its life cycle. 

The motivation of this study is to develop comprehensive and quantitative data on the 
environmental performance of the aforementioned cardiac monitoring devices, an aspect that 
was not assessed at Mycronic AB before. The results of this study would be communicated to 
the researchers involved in the design and manufacturing of stretchable and flexible electronics 
in the SINTEC project. 

5.2 Scope of the study 

The scope of the study is defined by the functional unit, system boundaries, assumptions and 
limitations, impact methods and categories, normalization, and weighting which are described 
in the upcoming subsections. 

5.2.1 Functional Unit 

The functional unit being considered for this study is 100,000 units of rigid and stretchable 
cardiac monitoring device each. It is assumed that both devices are used as long as the battery 
lasts. This choice of the functional unit was motivated by the yearly demand for such devices 
in Sweden. After discussions with the experts at Mycronic AB, 100,000 was considered as a 
reasonable estimation for the yearly demand for cardiac monitoring devices. 

5.2.2 System Boundaries 

As mentioned in the previous section, this is a cradle to grave assessment. The assessment 
includes the raw material extraction, manufacturing, use, and end of life phases of both the 
products. A distinction between foreground and background processes has been made. The 
foreground processes i.e. the processes specific to this study include manufacturing processes 
whereas the background processes i.e. generic processes taken from LCA software’s database 
include raw materials, use, and end of life phases.  

5.2.3 Geographical Boundaries 

Both the products are assumed to be assembled, used, disposed of, and recycled in Sweden. 
The raw materials are assumed to be extracted in Europe wherever possible. The strap of the 
rigid device is manufactured at Kempele in Finland. The monitor of the rigid device and the 
whole stretchable device is manufactured in Sweden.  
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5.2.4 Time Horizon 

The most up-to-date data provided by the selected SimaPro databases were used. When not 
possible, slightly older data was used, as long as no new technologies or important 
developments in the field would make a big change when using it. For instance, the oldest data 
was the data for emissions during PCB incineration taken from a report published in 2015 
(EPA, 2015). The time for the assessment is present and future. This LCA also includes long-
term emissions and impacts. 

5.2.5 Cut off Criteria 

To make the study more comprehensive, attempts were made to keep the cut off criteria as 
minimum as possible. The packaging stage of both the products was cut off from this study. 
Also, the transportation of the products in the use stage was simplified. This was done as the 
stretchable device is not yet commercialized and hence, not much information is available 
regarding its transportation. For some manufacturing processes where the data was unavailable, 
the available data of a similar process was used. 

5.2.6 Allocation Procedure 

At the end of life phase of rigid devices, it is assumed that 47% of the products are recycled 
and the remaining 53% are incinerated (EuroStat, 2017). The recycled materials included ABS 
and metallic wires. The strap and PCBs were assumed to be incinerated as hazardous industrial 
waste. In the case of a stretchable product, it is assumed that 100% of the products are 
incinerated due to the lack of data. 

5.2.7 Impact Assessment Method and Categories 

ReCiPe 2016 method was used for the impact assessment in this study. It provides 
characterization factors at mid-point as well as endpoint level. Both the approaches are 
complementary as the mid-point approach has lower uncertainty and stronger relation to the 
environmental flows, while the endpoint approach has higher uncertainty but better information 
on the environmental relevance of the environmental flows (Huijbregts, 2016). Therefore, the 
ReCiPe Midpoint (Hierarchist) method was used for determining the environmental emissions 
from the products, and ReCiPe Endpoint (Hierarchist) method was used for a single score 
comparison of emissions from both the products and their respective lifecycle stages.  

The different impact categories included in the study are: 

• Climate change (CC) 

• Ozone depletion (OD) 

• Terrestrial acidification (TA) 

• Freshwater eutrophication (FE) 

• Marine eutrophication (ME) 

• Human toxicity (HT) 
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• Photochemical oxidant formation (PCOF) 

• Particulate matter formation (PMF) 

• Terrestrial ecotoxicity (TET) 

• Freshwater ecotoxicity (FET) 

• Marine ecotoxicity (MET) 

• Ionizing radiation (IR) 

• Agricultural land occupation (ALO) 

• Urban land occupation (ULO) 

• Natural land transformation (NLT) 

• Water depletion (WD) 

• Metal depletion (MD) 

• Fossil depletion (FD) 

 

However, only the impact categories causing serious damage are discussed in depth in the 
results section of this study. Such impact categories are identified using Normalization 
explained in the following section. 

5.2.8 Normalization & Weighing 

Normalization and weighing are optional steps in the LCA framework. Normalization was done 
to compare the different impact categories with each other and to determine those causing 
major consequences on the environment. The normalization factors for Europe were considered 
in the LCA model. The weighing was also done to aggregate the values of different impact 
categories into a single score. This enables the easy interpretation of results like which product 
is more eco-friendly or which stage in the product’s lifecycle contributes maximum to the 
environmental footprint.  

5.2.9 Assumptions and Limitations 

Some assumptions, as mentioned previously were made due to the lack of data. Both the 
products were assumed to be fully used and disposed of in Sweden. Also, the products were 
assumed to be used as long as the battery is not exhausted. Thus, battery replacement was not 
considered in both the products. Due to the lack of extensive LCI data of manufacturing 
processes of stretchable devices, the LCI data for raw materials and manufacturing phases of 
both the devices were aggregated as “Production Phase” data. The assumptions in different life 
cycle stages for both the devices are summarized in Table 5.1 below. The assumptions in LCI 
data collection have been explained in the next chapter. 
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Assumption Rigid Device Stretchable Device 

Production 
Phase 

Description Covered area Description Covered area 

Raw material 
extraction Europe Raw material 

extraction Europe 

Manufacturing of 
individual 
components 

Kempele 
(Finland); 
Helsingborg 
(Sweden) 

Manufacturing of 
individual 
components 

Taby (Sweden) 

Assembly of the 
final product 

Stockholm 
(Sweden) 

Assembly of the final 
product Taby (Sweden) 

Use Phase 

Transportation 

Kempele to 
Stockholm; 
Helsingborg to 
Stockholm 

Transportation Taby to 
Stockholm 

Electricity consumed 
by battery (No 
replacement) 

Sweden 
Electricity consumed 
by battery (No 
replacement) 

Sweden 

EoL Phase 
Recycling- 47% 

Sweden Incineration-100% Sweden 
Incineration- 53% 

 

Table 5.1 Assumptions in life cycles of stretchable and rigid cardiac monitoring devices 
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 Chapter 6 Life Cycle Inventory Analysis 
 

This chapter aims to collect and compile the Life Cycle Inventory (LCI) data for the rigid and 
stretchable cardiac monitoring device. As mentioned previously, this is the most rigorous phase 
in LCA methodology. Both the products were disassembled to identify their components, raw 
materials of the components, manufacturing and assembly processes, and emissions, etc. The 
LCI data for the raw materials, manufacturing processes, and their emissions were compiled 
from the LCA database in SimaPro, reports by the public agencies, other LCA case studies, 
equipment brochures, etc. The following sections give a detailed account of the LCI data for 
both the products, their sources, assumptions, and calculations. 

6.1 Life Cycle Inventory Data 

This section contains a Life Cycle phase-wise collection and documentation of the inventory 
data for rigid and stretchable cardiac monitoring devices. The data was collected for three 
phases as follows: 

1. Production Phase: It includes the raw material extraction, manufacturing, and 
assembly of the components into the final product. 

2. Use Phase: It involves transportation of the product post-manufacturing and the 
energy consumed by the product throughout its lifetime 

3. End of Life Phase: It involves the disposal and waste management of the products. 

6.2 Rigid Cardiac Monitoring Device 

6.2.1 Production Phase Data 

The rigid device was disassembled and its constituent components, materials, and production 
processes were identified by studying the product catalog and consulting the manufacturer. For 
some components like metallic wires and PCB, the standard manufacturing processes were 
assumed as their suppliers could not be contacted. The weight of each component was also 
determined by using a weighing scale with a least count of 0.0001 g. The weighing scale was 
calibrated using standard known weights. The LCI data for the production of a 1-unit product 
has been documented in Table 6.1. 

The rigid device consists of two assemblies: monitor and strap. The LCI data for all the raw 
materials except silver nitrate was assumed from the Ecoinvent 3 database available in 
SimaPro. The LCI data for silver nitrate was referred from Bafana (2018). In manufacturing 
processes, the LCI data for injection molding of ABS and wire drawing of metallic wires were 
also assumed from the Ecoinvent 3 database. The LCI data for the PCB production process was 
taken from a previous LCA study of a similar single layer PCB (Ozkan, Elginoz & Babuna, 
2018). The aforementioned LCI data has been documented in detail in Appendix A of this 
thesis. 
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Assembly Material Amount Unit Manufacturing Process 

Monitor 

ABS  12.2616 g Injection Moulding 

Li-ion Battery 2.8049 g - 

PCB laminate 9.5 cm2 

PCB Production Process 

Resistors 25.6 mg 

Capacitors 99.9 mg 

Integrated Circuits 340.00 mg 

Transistors 666.00 mg 

Steel 1.1711 g 

Wire Drawing Bronze 0.1239 g 

Copper 1.7947 g 

Strap 

PVC 0.1837 g 

Roll to Roll Printing 

Paper 0.3225 G 

Polyethylene 0.5604 G 

Polyurethane 1.008 G 

Acrylic binder 1.008 G 

Silver nitrate 0.7854 G 

 

Table 6.1 Components and Materials of a Rigid Cardiac Monitoring Device 

6.2.2 Use Phase Data 

The data from the Ecoinvent 3 database for energy consumed by the product and transportation 
of the product was used in this phase. The distances of transport from the supplier to the end-
user were calculated using Google Maps. The energy supplied by the lithium-ion battery was 
assumed to be low voltage electricity produced in Sweden. The product was assumed to be 
transported by road through lorry. See Appendix A for further details. 

6.2.3 End of Life Phase 

As mentioned previously, 47% of the products were assumed to be recycled, and the rest to be 
incinerated (Eurostat, 2017). ABS and metallic wires were assumed to be recycled. The strap 
and PCBs were assumed to be incinerated. The emissions to air on the incineration of PCB 
were considered (EPA, 2015) and are summarized in Appendix A. 
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6.3 Stretchable Monitoring Device 

6.3.1 Production Phase Data 

The stretchable device was disassembled to its constituent components, their materials and 
manufacturing processes were determined. The weight of each component was also determined 
by using a weighing scale. The LCI data for the production of a 1-unit product has been 
documented in Table 6.2. 

The LCI data for all the raw materials were assumed from the Ecoinvent 3 database available 
in SimaPro. For Liquid Metal, the LCI data for bulk materials like Gallium, Indium, and Tin 
were considered. In manufacturing processes, electricity and compressed air consumed in Jet 
Printing and sintering were calculated from equipment specifications (Mycronic, 2018). The 
LCI data for the PCB production process was taken from a previous LCA study of a similar 
single layer PCB (Ozkan, Elginoz & Babuna, 2018). This LCI data is described in depth in 
Appendix B. The electricity consumed in these manufacturing processes is given in table 6.3. 
The power rating data was obtained from the equipment’s’ energy labels. The lead time for 
production here was 1 minute. Thus, the energy required for all the processes was calculated 
by multiplying the power rating with time. 

 

Material Amount Unit Manufacturing Processes 

Liquid Metal 0.2206 g 

PCB Production Process, Jet 
Printing, and Sintering 

Li-ion Battery 1.6284 g 

Polyethylene 0.6374 g 

PDMS 1.6205 g 

PCB laminate 1.69 cm2 

Resistors 25.6 mg 

Capacitors 99.9 mg 

Integrated Circuits 340.00 mg 

Transistors 666.00 mg 

 

Table  6.2 Components and Materials of a Rigid Cardiac Monitoring Device 
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Process Power Requirement 
(W) 

Time 
(s) 

Electricity 
Consumed 

(Wh) 

Loading 300 60 5 

Ink Jet Printing 1500 60 25 

Pick and Place 3000 60 50 

Curing 400 60 6.7 

Unloading 300 60 5 

Total Electricity Consumed= 91.7 

 

Table 6.3 Electricity consumed in the manufacturing of the stretchable device 

6.3.2 Use Phase Data 

The energy consumed by the product was considered in this phase. The energy supplied by the 
lithium-ion battery was assumed to be low voltage electricity produced in Sweden. Refer to 
Appendix B for further details. 

6.3.3 End of Life Phase 

Since this product is still in its prototype phase, no solid data was available regarding the 
disposal of this product. Thus, it was assumed that 100% of these products are incinerated. 
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Chapter 7 Life Cycle Interpretation 
 

Based on the LCI analysis done in the previous chapter, the life cycle models for the rigid and 
stretchable device were constructed and simulated in SimaPro software. The results are 
discussed in the following sections. 

7.1 Comparative LCA of Rigid and Stretchable Device 

A comparative LCA was done for the rigid and stretchable device. The results are illustrated 
in figure 7.1. From this figure, it is quite clear that stretchable device causes lower 
environmental impacts than the rigid device. From the single score comparison using Recipe 
Endpoint(H), it could be concluded that the stretchable device causes approximately 35% lesser 
environmental load than its rigid counterpart (see figure 7.3). The characterization values for 
each impact category are summarized in Table 7.1. 

 

Figure 7.1 Comparative LCA of Rigid and Stretchable cardiac monitoring devices 

As the different impact categories above have different units, normalization was done to 
convert all these units into a single dimensionless unit and then compare the magnitude of 
impact categories amongst each other. From figure 7.2, it could be noted that the impact 
categories of Freshwater Eutrophication, Human Toxicity, Freshwater Ecotoxicity, Marine 
Ecotoxicity, Natural Land Transformation, and Metal Depletion are the major impact 
categories with much higher normalization scores than the other categories. 
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Figure 7.2 Normalized LCA of Rigid and Stretchable cardiac monitoring devices 

 

Figure 7.3 Single Score Comparison of Rigid and Stretchable Device 
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7.2 Life Cycle Phase-wise Comparison 

The comparative LCA of different phases of lifecycles of both the devices was also carried out 
to find which phase(s) contribute the most to the environmental performance of the device. 
From figure 7.4 it could be concluded that the production phase in both cases is the largest 
contributor to environmental impacts. The contribution of use and end of life phases is 
negligible when compared to that of the production phase. This can be attributed to higher 
resource consumption and energy demands for raw material extraction and their processing 
into the product components. 

The production phase of the rigid device caused more environmental impacts than that of the 
stretchable device due to its larger amount of raw materials such as ABS casings, PCB, and 
metallic components, as summarized in chapter 6. The use phase of stretchable device 
contributed lesser to environmental impacts due to the lighter weight of the product and lower 
transportation distances than the rigid device. However, the end of life phase of the rigid device 
had lesser impacts due to the recycling of some raw materials. The stretchable device, despite 
having recyclable raw materials like PDMS, liquid metal, and polyethylene was not assumed 
to be recycled due to the lack of processes that could be used for sorting and separating these 
materials. Once these materials are successfully recycled, it is expected that the impacts of the 
stretchable device would be slightly lowered as compared to the present impacts. 

 

 

Figure 7.4 Single Score Comparison of different Life Cycle stages of rigid and stretchable 
devices 
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7.3 Major Environmental Impacts 

From the normalized LCA, it was clear that not all the impact categories have major 
contributions to the products’ environmental performance. The six major impact categories 
identified are: 

• Freshwater Eutrophication 
• Human Toxicity 
• Freshwater Ecotoxicity 
• Marine Ecotoxicity 
• Natural Land Transformation 
• Metal Depletion 

Impact Category Unit Rigid Device Stretchable Device 

Climate change kg CO2 eq 8.64E+04 5.47E+04 

Ozone depletion kg CFC-11 eq 1.14E-02 7.48E-03 

Terrestrial acidification kg SO2 eq 6.10E+02 4.19E+02 

Freshwater eutrophication kg P eq 1.20E+02 8.40E+01 

Marine eutrophication kg N eq 7.11E+01 2.15E+01 

Human toxicity kg 1,4-DB eq 1.89E+05 1.32E+05 

Photochemical oxidant formation kg NMVOC 3.36E+02 2.18E+02 

Particulate matter formation kg PM10 eq 3.05E+02 2.03E+02 

Terrestrial ecotoxicity kg 1,4-DB eq 3.22E+01 1.21E+01 

Freshwater ecotoxicity kg 1,4-DB eq 3.69E+03 2.63E+03 

Marine ecotoxicity kg 1,4-DB eq 3.81E+03 2.63E+03 

Ionising radiation kBq U235 eq 1.14E+04 1.42E+04 

Agricultural land occupation m2a 5.53E+03 5.94E+03 

Urban land occupation m2a 1.31E+03 7.61E+02 

Natural land transformation m2 1.64E+01 1.08E+01 

Water depletion m3 9.14E+02 6.21E+02 

Metal depletion kg Fe eq 1.06E+05 6.97E+04 

Fossil depletion kg oil eq 2.39E+04 1.38E+04 

Table 7.1 Life Cycle Impact Assessment of Rigid and Stretchable devices 
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This section discusses each of the above impacts and their major contributors in-depth for 
both the rigid and stretchable devices. The environmental profiles of both devices are 
depicted in figures 7.5 & 7.6. 

  

Figure 7.5 Environmental Profile of Rigid Device 

 

Figure 7.6 Environmental Profile of Stretchable Device 
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7.3.1 Freshwater Eutrophication 

Freshwater Eutrophication is caused due to the discharge of excess nutrients like phosphorus 
and nitrogen in soil or freshwater sources. This increased level of nutrients causes algal blooms 
on the surface, blocking the sunlight from reaching the ecosystems at the bottom. 
Eutrophication in its hyper stages can lead to loss of biodiversity underneath like fish and other 
aquatic creatures. It is measured in kg phosphorus equivalent (Huijbregts, 2016). 

In the rigid device, PCB is the largest contributor accounting for 89% of freshwater 
eutrophication. Other significant contributors are the other metallic parts (5%) and lithium-ion 
battery (5%). The ABS casing and strap have a negligible contribution. PCB is also the major 
contributor to this impact category in the stretchable device (79%). Another significant 
contributor is the compressed air (15%). Other minor contributors are the lithium-ion battery 
(4%) and Liquid Metal Galinstan (1.5%). 

7.3.2 Human Toxicity 

Human Toxicity is the impact category that quantitatively expresses the potential harm to 
human health of a chemical released in the environment. It is expressed in 1,4-dichlorobenzene 
equivalents/kg emission (Huijbregts, 2016). 

PCB has the highest share in both the products with 87% in rigid and 77% in the stretchable 
device. The lithium-ion battery and other metallic parts contribute 6% each in the rigid device. 
The strap and ABS casing have negligible share here. In a stretchable device, compressed air 
contributes 15% of the total emissions. The lithium-ion battery and Galinstan contribute 5% 
and 2% respectively. The share of PDMS and electricity consumed in manufacturing was 
negligible. 

7.3.3 Freshwater Ecotoxicity 

Freshwater ecotoxicity is an impact category that refers to the effects caused by emissions of 
toxic substances on freshwater ecosystems. It is expressed in 1,4-dichlorobenzene 
equivalents/kg emission (Huijbregts, 2016). 

PCB accounts for 88% and 72% of the emissions here for rigid and stretchable types 
respectively. Other minor contributions are from the lithium-ion battery (5%) and other 
metallic parts (5%) in the rigid device. Compressed air is the second largest contributor in the 
stretchable device (23%) followed by the lithium-ion battery (4%) and Galinstan (1%). 

7.3.4 Marine Ecotoxicity 

Marine Ecotoxicity refers to the environmental hazards of toxic substances on marine 
ecosystems. It is also measured in unit 1,4-dichlorobenzene equivalents/kg, similar to 
freshwater ecotoxicity and human toxicity (Huijbregts, 2016). 

In the rigid device, PCB is the largest contributor accounting for 88% of the marine 
eutrophication. Other significant contributors are the lithium-ion battery (5%) and other 
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metallic parts (6%). The ABS casing and strap have a negligible contribution. PCB is also the 
major contributor to this impact category in the stretchable device (72%). Another significant 
contributor is the compressed air (22%). Other minor contributors were the lithium-ion battery 
(4%) and Liquid Metal Galinstan (2%). 

7.3.5 Natural Land Transformation 

This impact category reflects the damage to the environment due to the effects of occupation 
and the transformation of the land. It is expressed in unit m2 x year (Huijbregts, 2016). 

PCB has the largest share in both the products with 94% in rigid and 84% in the stretchable 
device. The lithium-ion battery and other metallic parts contribute 2% and 1% respectively in 
the rigid device. The strap and ABS casing have negligible share here. In a stretchable device, 
the compressed air contributes 9% of the total emissions. The lithium-ion battery and Galinstan 
contribute 2% and 3% respectively. The share of PDMS and electricity consumed in 
manufacturing is small around 1% each. 

7.3.6 Metal Depletion 

This impact category is concerned about the effects of metal extraction on the environment like 
the decline in the grade of ores, depletions in the amount of metal on earth, etc. It is measured 
in unit kg of iron equivalent (Huijbregts, 2016). 

PCB accounts for 64% and 83% of the emissions here for rigid and stretchable types 
respectively. The strap contributes 21% owing to the silver used in the production of printed 
ink in the rigid device. Other minor contributions are from other metallic parts (9%) and the 
lithium-ion battery (6%) in the rigid device. Other contributors in the stretchable device include 
compressed air (6%), Galinstan (6%), and lithium-ion battery (5%). 

For a more detailed analysis, please refer to the network diagrams for each impact category in 
Appendix C. 

7.4 Uncertainty & Sensitivity Analysis 

Uncertainty analysis was done to quantify the uncertainties in the LCA results due to 
systematic/random errors in measurements, data variability, assumptions, etc. Sensitivity 
analysis indicates which parameters are important in the analysis. This section describes the 
results of uncertainty and sensitivity analyses. 

7.4.1 Uncertainty Analysis 

The LCI data collected, generally have uncertainties associated with it. Thus, it becomes 
important to analyze the effects of uncertainty on our LCA results. Uncertainty analysis was 
carried out in SimaPro using Monte-Carlo simulations for 1000 runs. Monte-Carlo simulations 
are a technique to understand the impact of uncertainties on the outcome of a process. In this 
technique, multiple simulation runs are carried out by introducing uncertainty in the form of 
algorithm-generated random variables. Here, the effect of uncertainties like uncertainties in the 



35 
 

amount of materials and energy on the final LCA result needs to be studied. The SimaPro 
software has an inbuilt feature of uncertainty analysis using Monte-Carlo simulations. The per 
impact category uncertainty results are depicted in figure 7.7. The red bars indicate the 
percentage of runs in which the rigid device had more load than the stretchable device. For 
instance, in climate change or terrestrial acidification, the rigid device had more impact than 
the stretchable device in all the runs. On the other hand, in ionizing radiation, the stretchable 
device had a higher impact than its rigid counterpart for more than 70% of the runs. In general, 
the rigid device had more impact than the stretchable one in most of the categories. 

 

 

Figure 7.7 Uncertainty Analysis Results 
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PCB for the stretchable device caused a change of ±7.8% in emissions from the Freshwater 
Eutrophication (FE) impact category. 

Input/Impact 
Categories 

 

ABS Casing 

 

Battery 

 

PCB 

other 
metallic 

components 

 

Strap 

Variation (%) +10 -10 +10 -10 +10 -10 +10 -10 +10 -10 

CC 0.8 -0.7 0.2 -0.2 4.8 -4.7 0.1 0.1 0.1 -0.1 

OD 0 -0.9 0 -0.9 5.4 -6.3 0 -0.9 0 0 

TA 0.3 -0.3 0.5 -0.3 4.5 -4.4 0.3 -0.3 0.1 0 

FE 0 0 0 -0.8 4.1 -4.1 0 -0.8 0 0 

ME 0.1 -0.1 0.3 -0.3 2.3 -2.3 5.4 -5.3 0.1 -0.1 

HT 0 0 0.5 -0.5 4.2 -4.2 0.5 -0.5 0 0 

PCOF 0.6 -0.6 0.3 -0.3 4.5 -4.5 0.3 -0.3 0.3 0 

PMF 0.3 0 0.3 -0.3 4.5 -4.5 0.3 -0.3 0.3 0 

TET 0 0 0.3 -0.3 8 -8 0.3 -0.3 0 0 

FET 0 -0.3 0.5 -0.8 4 -4 0.5 -0.8 0 -0.3 

MET 0.3 0 0.8 -0.5 4.5 -4.2 0.8 -0.5 0 0 

IR 0.9 0 0 0 5.4 -4.5 0 0 0.9 0 

NLT 0 -0.6 0 -0.6 4.4 -5.1 0 0 0 0 

MD 0.5 0 0.9 0 1.9 -0.9 -0.9 -0.9 2.8 -1.9 

FD 1.3 -1.3 0.4 0 4.7 -4.3 0 0 0.4 0 

 

Table 7.2 Sensitivity analysis result for the rigid device 
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Input/Impact 
Categoriers Galantin Batteri Polythene PDMS PCB Electricity Compressed 

Air 

Variation (%) +10 -10 +10 -10 +10 -10 +10 -10 +10 -10 +10 -10 +10 -10 

CC 0.2 -0.2 0.2 -0.2 0 0 0.2 0 7.9 -7.9 0.2 -0.2 1.5 -1.5 

OD 0 0 -4.4 -0.5 0 0 0.8 -0.6 6.8 -6.7 1.1 -0.9 1.1 -0.9 

TA 0.2 -0.2 0.5 -0.2 0 0 0 0 7.7 -7.7 0.2 0 1.4 -1.4 

FE 0.1 -0.1 0.4 -0.4 0 0 0 0 7.8 -7.8 0 0 1.6 -1.6 

ME 0.5 0 0.5 0 0 0 0.5 0 7.6 -7.1 0.5 0 1.9 -1.4 

HT 0.8 0 0.8 0 0 0 0.8 0 7.6 -6.9 0.8 0 2.3 -1.5 

PCOF 0.5 0 0.5 0 0.5 0 0.5 0 8.4 -7.9 0.5 0 1.4 -0.9 

PMF 0 0 0.5 -0.5 0 0 0 0 7.9 -7.9 0 0 1 -1 

TET 0 -0.9 0 -0.9 0 0 0 0 7 -7.8 0 0 0.9 -1.7 

FET 0 -0.4 0.4 -0.7 0 0 0 0 7.1 -7.1 0 0 2.1 -2.5 

MET 0.4 0 0.7 -0.4 0 0 0 0 7.2 -6.9 0 0 2.2 -2.2 

IR 0 0 0 0 0 0 0 0 4.3 -4.3 4.3 -4.3 1.4 -1.4 

NLT 0.9 0 0.9 0 0 0 0.9 0 8.5 -7.9 0.9 0 0.9 0 

MD 0.4 -0.6 0.4 -0.6 0 0 0 0 8.2 -8.3 0 -0.1 0.6 -0.7 

FD 0 -0.7 0 -0.7 0 -0.7 0 -0.7 7.4 -8.1 0 -0.7 0.7 -1.5 

 

Table 7.3 Sensitivity analysis result for the stretchable device 
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Chapter 8 Conclusions & Further Work 
 

8.1 Conclusions 

A comparative LCA study was conducted to assess and compare the environmental 
performance of a rigid and stretchable cardiac monitoring device. From the LCI data collected 
from various sources, LCA models for both the products were created. From the results of the 
impact assessment, the following conclusions can be made: 

• The stretchable cardiac monitoring device is more environmentally friendly than the 
rigid cardiac monitoring device. This can be attributed to the compact design and lighter 
weight of the stretchable prototype. Also, the amount of environmentally unfriendly 
material like PCBs is approximately 6 times larger in a rigid device as compared to the 
stretchable prototype. 

• The environmental burdens of both the products are largest in its production phase 
involving the extraction of raw materials and manufacturing of components. The 
impacts from the use phase and the end of life phase were negligible. 

• The environmental impact categories of major concern are Freshwater Eutrophication, 
Human Toxicity, Freshwater Ecotoxicity, Marine Ecotoxicity, Natural Land 
Transformation, and Metal Depletion. Thus, it could be concluded that marine and 
freshwater ecosystems would be affected the most by both these products. 

• PCBs are the hotspots of environmental load in both the products. To reduce the 
environmental impacts, the amount of the PCBs used should be reduced. Thus, further 
research needs to be done on further miniaturizing the PCBs and reducing the number 
of parts placed on the PCBs. 
 

 8.2 Suggestions for Improvement 

 Based on this study, the following suggestions in terms of improving the product design for 
recyclability and inclusion of Life Cycle Thinking right from the early stages of product design 
can be made: 

• The stretchable device is still at the prototype level and has not been fully 
commercialized yet. Although its constituents like PDMS, polyethylene, Galinstan, etc. 
are recyclable, the dismantling and sorting of recyclable and non-recyclable parts are 
not possible. Efforts must be made to design this product in such a way that the 
recyclable parts could easily be separated from the non-recyclable parts before disposal. 

• The concept of sustainable manufacturing has not been fully integrated into Mycronic’s 
production facility. As these are personal use of electronic products, the energy 
consumed by them is minimal. The raw materials and manufacturing processes have 
major contributions to such products’ environmental performance. Thus, the 
sustainability aspect should be considered right from the product conceptualization and 
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it should be one of the important criteria in material selection. LCA can be used as a 
tool in the design process to ensure a sustainable product design. 

8.3 Limitations  

The limitations of LCA, by default, form the limitations of this study. Although LCA is one of 
the most popular tools in sustainability, it poses some limitations. Therefore, a decision-making 
process should be based on the results of LCA in conjunction with the results of other 
sustainability tools and techniques. Curran (2014) discusses some of the limitations of LCA as 
follows: 

• The vagueness of the ISO standards for LCA principles and framework allows users to 
interpret LCA in their way. Also, there is no single LCIA methodology. This often 
produces different LCA results for the same product. 

• LCI data collection is often a laborious process as the existing databases may not have 
all the inventory information required by the user. One needs to search for the data 
extensively into the other sources like literature, public surveys, manufacturers of the 
equipment, etc. 

• Life Cycle Impact models like land and water use are still in the early stages of 
development and hence the full inventory data cannot be modeled. 

• LCI and LCIA phases are sensitive to data variability and there is no common 
established practice for estimating and managing this data uncertainty. 

Apart from the general LCA limitations, it must be noted that this study has simplified 
assumptions in the transportation of the devices from their manufacturing place to Stockholm. 
In reality, the users of such devices could be scattered all around the globe. Thus, transportation 
distances could be longer, causing greater emissions.  

8.4 Further Work 

LCA is a data-intensive study. One needs up to date LCI data for materials and processes 
involved in a product’s lifecycle. The manufacturing processes for a stretchable device like 
inkjet printing are quite novel and have no comprehensive LCI data available in the databases 
or previous LCA studies. This study considered basic inputs like consumables, electricity, 
compressed air, etc. for such processes. Thus, it is recommended to conduct in-depth LCA 
studies for such individual processes. These studies should aim at developing a comprehensive 
data set for emissions to land, air, and water from the processes like inkjet printing.  Since the 
stretchable product is not available in the market, the assumptions of its transport and disposal 
were simplified. Once this product is fully commercialized and the data regarding its 
transportation, packaging, and disposal is available, the existing study should be updated with 
the newly available data. The concluding remarks of this study should be used in the 
miniaturization of PCB and designing the stretchable product for easy segregation of recyclable 
and non-recyclable wastes. 
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Appendix A 
LCI data for Rigid Cardiac Monitoring Device 

Table 1: LCI data of Production Phase for Rigid Device 

Component Inputs Amount Unit Source 
ABS Casing Acrylonitrile-butadiene-styrene 

copolymer {RER}| production | 
Alloc Def, U 

12.2616 g Ecoinvent 3 
database  

Injection moulding {RER}| 
processing | Alloc Def, U 

12.2616 g Ecoinvent 3 
database  

Battery Battery cell, Li-ion {GLO}| 
market for | Alloc Def, U 

2.8049 g Ecoinvent 3 
database  

PCB Printed wiring board, for surface 
mounting, Pb free surface 
{GLO}| market for | Alloc Def, U 

9.5 cm2 Ecoinvent 3 
database  

Resistor, surface-mounted 
{GLO}| production | Alloc Def, 
U 

25.6 mg Ecoinvent 3 
database  

Capacitor, for surface-mounting 
{GLO}| production | Alloc Def, 
U 

99.9 mg Ecoinvent 3 
database  

Integrated circuit, memory type 
{GLO}| production | Alloc Def, 
U 

340 mg Ecoinvent 3 
database  

Transistor, surface-mounted 
{GLO}| production | Alloc Def, 
U 

666 mg Ecoinvent 3 
database  

PCB Production Process 9.5 cm2 (Ozkan, Elginoz 
& Babuna, 
2018) 

Other metallic 
components 

Steel, unalloyed {RER}| steel 
production, converter, unalloyed | 
Alloc Def, U 

1.1711 g Ecoinvent 3 
database  

Bronze {RoW}| production | 
Alloc Def, U 

0.1239 g Ecoinvent 3 
database  

Copper {RER}| production, 
primary | Alloc Def, U 

1.7947 g Ecoinvent 3 
database  

Wire drawing, copper {RER}| 
processing | Alloc Def, U 

1.9186 g Ecoinvent 3 
database  

Wire drawing, steel {RER}| 
processing | Alloc Def, U 

1.1711 g Ecoinvent 3 
database  

Strap Polyvinylchloride, bulk 
polymerised {RER}| 
polyvinylchloride production, 
bulk polymerisation | Alloc Def, 
U 

0.1837 g Ecoinvent 3 
database  

Paper, woodfree, coated {RER}| 
paper production, woodfree, 

0.3225 g Ecoinvent 3 
database  
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coated, at non-integrated mill | 
Alloc Def, U 
Packaging film, low density 
polyethylene {RER}| production | 
Alloc Def, U 

0.5604 g Ecoinvent 3 
database  

Polyurethane, flexible foam 
{RER}| production | Alloc Def, U 

1.008 g Ecoinvent 3 
database  

Ag flakes 0.7854 g (Bafana, 2018) 
Acrylic binder, without water, in 
34% solution state {RER}| 
acrylic binder production, product 
in 34% solution state | Alloc Def, 
U 

1.008 g Ecoinvent 3 
database  

 

Table 2: LCI data of Use Phase for Rigid Device 

Processes Amount Unit 
Electricity, low voltage {SE}| market for | Alloc Def, 
U 

0.204 Wh 

Transport, freight, lorry 3.5-7.5 metric ton, EURO6 
{GLO}| market for | Alloc Rec, U 

42.1044 kgkm 

 

Table 3: LCI data of EoL Phase for Rigid Device 

Waste Scenarios 
Percentage 
(%) 

Recycling 47 
Incineration 53 

 

Table 4: Recycling Data for Rigid Device 

Materials and/or waste types separated from 
waste stream Material/Waste type Percentage 

Mixed plastics (waste treatment) {GLO}| recycling 
of mixed plastics | Alloc Def, U 

Acrylonitrile-butadiene-
styrene copolymer {GLO}| 
market for | Alloc Def, U 

100% 

Steel and iron (waste treatment) {GLO}| recycling of 
steel and iron | Alloc Def, U 

Steel, unalloyed {RoW}| 
steel production, 
converter, unalloyed | 
Alloc Def, U 

100% 

Aluminium (waste treatment) {GLO}| recycling of 
aluminium | Alloc Def, U 

Copper {RER}| 
production, primary | Alloc 
Def, U 

100% 

Aluminium (waste treatment) {GLO}| recycling of 
aluminium | Alloc Def, U 

Bronze {RoW}| 
production | Alloc Def, U 100% 
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Table 5: Incineration of PCB Data (per kg) 

Emissions to air Amount Unit 
Carbon monoxide 0.12 kg 
Particulates, 
unspecified 

23 g 

Carbon dioxide 1.08 kg 
Polycyclic organic 
matter, unspecified 

11 g 

 

(Source: EPA, 2015) 
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Appendix B 
LCI data for Stretchable Cardiac Monitoring Device 

 

Table 1: LCI data of Production Phase for Stretchable Device 

Component Input Amount Unit Source 
Galinstan Gallium, in Bayer liquor from aluminium 

production {GLO}| production | Alloc Def, 
U 

0.1511 g Ecoinvent 3 
database  

Tin {RER}| production | Alloc Def, U 0.02206 g Ecoinvent 3 
database  

Indium {RER}| production | Alloc Def, U 0.04743 g Ecoinvent 3 
database  

Battery Battery cell, Li-ion {GLO}| market for | 
Alloc Def, U 

1.6284 g Ecoinvent 3 
database  

Packaging 
film 

Packaging film, low density polyethylene 
{RER}| production | Alloc Def, U 

0.6374 g Ecoinvent 3 
database  

PDMS Silicone product {RER}| production | Alloc 
Def, U 

1.6205 g Ecoinvent 3 
database  

PCB Printed wiring board, for surface mounting, 
Pb free surface {GLO}| market for | Alloc 
Def, U 

1.69 cm2 Ecoinvent 3 
database  

Resistor, surface-mounted {GLO}| 
production | Alloc Def, U 

25.6 mg Ecoinvent 3 
database  

Capacitor, for surface-mounting {GLO}| 
production | Alloc Def, U 

99.9 mg Ecoinvent 3 
database  

Integrated circuit, memory type {GLO}| 
production | Alloc Def, U 

340 mg Ecoinvent 3 
database  

Transistor, surface-mounted {GLO}| 
production | Alloc Def, U 

666 mg Ecoinvent 3 
database  

PCB Production Process 1.69 cm2 (Ozkan, 
Elginoz & 
Babuna, 2018) 

Electricity Electricity, high voltage {SE}| production 
mix | Alloc Def, U 

91.7 Wh Ecoinvent 3 
database  

Compressed 
Air 

Compressed air, 1000 kPa gauge {RER}| 
compressed air production, 1000 kPa 
gauge, <30kW, average generation | Alloc 
Def, U 

250 litres Ecoinvent 3 
database  
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Table 2: LCI data of Use Phase for Stretchable Device 

Processes Amount Unit 
Electricity, low voltage {SE}| market for | Alloc Def, 
U 0.24 Wh 

Transport, freight, lorry 3.5-7.5 metric ton, EURO6 
{GLO}| market for | Alloc Rec, U 0.0851 kgkm 

 

Table 3: LCI data of EoL Phase for Rigid Device 

Materials and/or waste types 
separated from waste stream 

Material/Waste type Percentage 

PCB Incineration Others 100% 
Hazardous waste, for incineration 
{Europe without Switzerland}| 
treatment of hazardous waste, 
hazardous waste incineration | Alloc 
Def, U 

All waste types 100% 

 

Table 4: Incineration of PCB Data (per kg) 

Emissions to air Amount Unit 
Carbon monoxide 0.12 kg 
Particulates, 
unspecified 

23 g 

Carbon dioxide 1.08 kg 
Polycyclic organic 
matter, unspecified 

11 g 

 

(Source: EPA, 2015) 
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Appendix C: Network Diagrams 

 

Fig.1 Freshwater Eutrophication Characterized Results- Rigid Cardiac Monitoring Device 
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Fig.2 Human Toxicity Characterized Results- Rigid Cardiac Monitoring Device 
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Fig.3 Freshwater Ecotoxicity Characterized Results- Rigid Cardiac Monitoring Device 
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Fig.4 Marine Ecotoxicity Characterized Results- Rigid Cardiac Monitoring Device 
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Fig.5 Natural Land Transformation Characterized Results- Rigid Cardiac Monitoring Device 
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Fig.6 Metal Depletion Characterized Results- Rigid Cardiac Monitoring Device 
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Fig.7 Freshwater Eutrophication Characterized Results- Stretchable Cardiac Monitoring Device 



55 
 

 

Fig.8 Human Toxicity Characterized Results- Stretchable Cardiac Monitoring Device 
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Fig.9 Freshwater Ecotoxicity Characterized Results- Stretchable Cardiac Monitoring Device 
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Fig.10 Marine Ecotoxicity Characterized Results- Stretchable Cardiac Monitoring Device 
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Fig.11 Natural Land Transformation Characterized Results- Stretchable Cardiac Monitoring Device 
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Fig.12 Metal Depletion Characterized Results- Stretchable Cardiac Monitoring Device
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