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Abstract 9 

Products utilizing self-healing materials have the potential to restore some of their function following 10 

damage, thereby extending the product lifespan and contributing to waste prevention and increased 11 

product safety. Despite the growing interest in these products, there a lack of comprehensive studies 12 

on the environmental implications of self-healing products and the parameters that influence impacts. 13 

The study presented in this paper combined life cycle assessment combined with a Taguchi 14 

experimental design and analysis of variance to investigate the effect of various parameters across the 15 

life stages of a self-healing composite product manufactured by 3D printing using poly-lactic acid 16 

(PLA) and self-healing polyurethane (PU). The results of this study suggests that impacts are primarily 17 

affected by avoided production due to the increased service of the product, followed by electricity 18 

requirements and material deposition rate (efficiency) of 3D printing. In the case of water consumption 19 

raw material manufacturing of PLA and PU are the highest and hence should be a target for research 20 

on reducing their water footprint. When comparing self-healing vs. regular products it is evident that 21 

most of the impacts are dominated by the electricity consumption of the manufacturing process. These 22 

results suggest that maximizing avoided production can play a major role in reducing impacts of 3D 23 

printed products. The results are important for maximizing the circularity of additive manufacturing 24 

products while minimizing their life cycle impact. 25 
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 27 

Highlights: 28 

• Novel design of experiments and life cycle assessment of self-healing products 29 

• Global warming potential, marine ecotoxicity, ozone depletion and water consumption 30 

• Optimum avoided production required to reduce overall product life cycle impact 31 

• Dominant parameters for significantly reducing the life cycle impact 32 

 33 

1. Introduction 34 

Self-healing materials and products are of growing interest due to their ability to heal following 35 

damage and thereby restore some of their original material properties and functionality. Based on the 36 

mechanism, self-healing is usually categorised as either intrinsic or extrinsic. In brief, intrinsic self-37 

healing can be described as the material’s ability to reform broken bonds caused by damage within its 38 

structure. Because the mechanism is not dependent on a secondary material it can be considered as an 39 

inherent property of the self-healing material (Aïssa et al., 2012; Bekas et al., 2016; Blaiszik et al., 40 

2010; Diesendruck et al., 2015; Hager et al., 2010). In the case of extrinsic self-healing, the healing 41 

agent is a secondary material incorporated in the substrate, usually in the form of microcapsules or 42 

vascular system. The healing mechanism is activated by the damage thereby limiting further damage 43 

and restoring some of the material’s properties (Cohades et al., 2018; Diesendruck et al., 2015; 44 

Mauldin and Kessler, 2010; Wang et al., 2013). Self-healing ability has been developed in materials 45 

such as concrete (Biesiekierski et al., 2012; Herbert and Li, 2013; Lv et al., 2016), glasses (Coillot et 46 

al., 2010; Zhang et al., 2018) and polymers (Kim et al., 2017; Mauldin and Kessler, 2010; Xia et al., 47 

2017). Recently, intrinsically self-healing polyurethane (PU) in particular seems to be the focus of 48 

research resulting in over 200 publications in the topic during the past year alone (see Figure 1) (Web 49 
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of Science, 2021). While the research output about self-healing materials in material science has been 50 

steadily increasing, there seems to be little information available about the environmental implications 51 

of self-healing products.  52 

 53 

Figure 1 – Number of search results for "self-healing material" (blue) and “self-healing polyurethane” (orange) in topic 54 
(Searches title, abstract, author keywords, and Keywords Plus.), between 2010 and 2020 (Web of Science, 2021) 55 

 56 

From the perspective of sustainability, the main advantage of self-healing lies in product service life 57 

extension, resulting in fewer products to fulfil the same function over a period of time, this in turn 58 

requires fewer products to be manufactured. In addition, self-healing products have great potential in 59 

contributing to waste prevention by providing the basis for long-term reliability (Bekas et al., 2016) 60 

and improving safety (Aïssa et al., 2012; Guadagno et al., 2014; Herbert and Li, 2013). Self-healing 61 

materials and products also have the potential in avoiding or reducing the costs of repair by reducing 62 

or completely avoiding the resource requirements and the environmental burden associated with the 63 

collection, transport, redistribution and repair or reprocessing of used products (see: Figure 2). An 64 

increase in the safety and reliability of a self-healing product or its parts can result in a higher value 65 

product and a higher level of compliance with standards and safety regulations, while increased safety 66 

factors of components through self-healing can aid in higher material utilisation and increased 67 

functionality. These indicators seem to suggest that self-healing products have the potential to aid in 68 

reducing environmental impacts through waste prevention and decreased production. From Figure 2, 69 
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it can be postulated that self-healing should help maximise the product retained value compared to 70 

other circular economy options. 71 

 72 

Figure 2 – Self-healing in the context of waste prevention and circular economy indicating main losses (not to scale) 73 

 74 

Based on the recommendations of the European Council on waste hierarchy, prevention is the 75 

preferred scenario followed by reuse, recycling, energy recovery and finally disposal (European 76 

Council, 2008). While reusability depends on the type of product, the reduction in environmental 77 

impact is affected by the processes associated with reuse such as collection and preparation (Blanca-78 

Alcubilla et al., 2020; Bovea et al., 2020; Farrant et al., 2010; Gasol et al., 2008; Unger and Landis, 79 

2014; Zink et al., 2016). If the impacts associated with reuse outweigh the benefits of the avoided new 80 

production, replacement of the product may be more environmentally beneficial (Nußholz, 2017). 81 

While embodied impacts may become more significant with increasing energy efficiency of the 82 

product (Cooper and Gutowski, 2017), self-healing materials need to be applied with the aim to reduce 83 
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the overall impacts through avoided production. This requires knowledge about self-healing materials 84 

that extend beyond material science into product design and sustainable and economic considerations. 85 

While self-healing has the potential to reduce waste through avoided production, one of the main 86 

challenges of manufacturing remains the transition to low environmental impact on manufacturing. 87 

Additive manufacturing and fused deposition modelling (FDM) or 3D printing in particular, has been 88 

regarded as a key technology for reducing environmental impacts of manufacturing. The flexibility 89 

and customisation 3D printing can support sustainable design approaches such as reduced product 90 

weight, better utilisation of raw material, improved functionality as well as reduced impacts from 91 

transportation (DePalma et al., 2020; Faludi et al., 2019; Godina et al., 2020). In addition, 3D printing 92 

also has the potential to play a key role in a circular economy by facilitating reuse, remanufacture and 93 

refurbishment of products supported by “do-it-yourself” (DIY) and distributed manufacturing (Böckin 94 

and Tillman, 2019; Sauerwein et al., 2019; Turner et al., 2019). To date additive manufacturing and 95 

3D printing seem to have higher impact compared to conventional manufacturing methods due to 96 

energy (electricity) requirements of 3D printing (Faludi et al., 2019; Khalid and Peng, 2021; Saade et 97 

al., 2020). There is need to understand if self-healing materials and improved manufacturing processes 98 

could turn 3D printing into an enabler and viable pathway to meeting zero carbon emission targets. 99 

While self-healing materials used in 3D printing have the potential to further its cause in low 100 

environmental impact manufacturing, detailed assessment will be necessary to determine the 101 

technology’s complex effect on the overall life cycle of the product, from design and resource 102 

requirements, through to manufacturing including end of life. For this reason, the study presented in 103 

this paper was aimed to investigate the effect of self-healing and 3D printing process parameters and 104 

end of life (EoL) options to identify the most critical parameters that affect the overall environmental 105 

impact of a self-healing product. 106 

 107 
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2. Materials and methods 108 

Taguchi or robust design method was used in order to estimate the effects of factors (in this case the 109 

life cycle parameters) on the response (environmental impacts). Taguchi experimental design is based 110 

on fractional factorial experiments, and compared to full factorial design allowed the number of 111 

calculations/experiments to be minimised, while at the same time determining the optimal parameters 112 

leading to improved environmental performance. By reducing the number of necessary calculations, 113 

research time and resources could be allocated to extend the number of variables and their levels to 114 

capture various aspects of the product’s life cycle, such as transportation and recycling, and to increase 115 

the quality (resolution) of the results. 116 

 117 

2.1. Life cycle goal and scope 118 

The aim of this life cycle assessment study was to investigate the effect of embedded self-healing 119 

material and 3D printing parameters on the overall impact of a self-healing product. Parameters and 120 

levels were specifically selected to enable the data to be further analysed through Taguchi method. 121 

A cradle to grave approach was chosen in order to capture the full life cycle impacts. Because 122 

variables used in the study affect both material and energy requirements of the product, a self-healing 123 

product manufactured from the combination of PLA and self-healing PU by 3D printing was used. 124 

Variables affected by product size, such as printing time were chosen to be within reasonable limits in 125 

both size and complexity for 3D printing manufacturing technology. Further consideration was to 126 

facilitate an easy interpretation of the results, therefore the functional unit was chosen to be one kg of 127 

self-healing composite product printed from a two filament 3D printer. 128 

 129 

 130 
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2.2. Life cycle inventory 131 

The model of the life cycle of the self-healing product used in the study is shown in Figure 3. The 132 

two-component product is manufactured by 3D printing using both conventional PLA and self-healing 133 

material as a filament. These were selected for their suitability in 3D printing for example by fused 134 

deposition modelling using a multiple nozzle machine.  Data available in Ecoinvent 3 was used to 135 

account for the impacts for both PLA and PU raw material manufacturing. While PLA was assumed 136 

to come in the form of granulates, self-healing PU was approximated using a modified version of the 137 

dataset for flexible PU foam manufacturing which was the closest material available in SimaPro’s 138 

databases. The dataset was modified based on the information available in literature about the materials 139 

used for specific self-healing PU synthesis (see: Table 1). It is important to note that the exact 140 

composition of self-healing PUs are highly dependent on the requirements of the final product and the 141 

specific application. Additionally one or more of the key ingredients or their ratios are usually not 142 

disclosed for commercial reasons. Generally, the most commonly used building blocks for self-healing 143 

PUs include three main components; a diol terminated prepolymer (long diol), an isocyanate and a 144 

chain extender (Willocq et al., 2020). Based on the information in literature and consultation with 145 

polymer experts involved in the study, a closest approximation was compiled utilising the available 146 

material production data in SimaPro’s databases, which is summarised in Table 1. 147 

Table 1 – Main components of self-healing PU and the closest equivalents used in the life cycle assessment  a(Ritzen et 148 
al., 2021), b(Imato et al., 2021), c(Lee et al., 2019) 149 

Component 

type 

Example of material used in 

literature 

Closest equivalent 

available in 

SimaPro databases 

Ratio used 

for 

calculation 

Diol 

terminated 

prepolymer 

(long diol) 

CroHeal™2000a 

poly(tetra- methylene glycol) (PTMG)b 

poly(tetramethylene ether glycol) 

(PTMEG)c 

Polybutadiene 60% 

Isocyanate  

4,4′-diphe- nylmethane diisocyanate 

(MDI)a,b 

isophorone diisocyanate (IPDI)c 

Methylenediphenyl 

diisocyanate (MDI) 
30% 

Chain 

extender 

2-Ethyl-1,3-Hexanediol (EHD)a 

“Py-diol”b 

Ethylenediamine/Chitosanc 

Butane-1,4-diol  10% 

 150 
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In order to account for the uncertainty in the impacts brought about by the unknown components and 151 

variations of their ratios in the self-healing PU, it was assumed that the material requirements for 1 kg 152 

of self-healing PU filament follows a triangular distribution between 0.7 and 1.3 kg of self-healing PU. 153 

Both PLA and PU manufacturing were modelled using market processes in Ecoinvent 3, therefore 154 

the emissions also included infrastructure such as buildings and machinery, as well as transportation. 155 

 156 

Figure 3 - Overview of the model used in the LCA study indicating variables (dashed) used in the study 157 

 158 

Following raw material manufacturing the PLA and PU were transported by lorry (200±50 km) to 159 

the filament manufacturing facility where the pellets were extruded, cooled and spooled on drums. The 160 

facilities such as buildings, machinery and infrastructure for manufacturing were excluded from the 161 

study as they were deemed negligible compared to the impact coming from the energy requirement of 162 

other processes, particularly 3D printing. In order to estimate the energy requirements of the filament 163 

manufacturing, data from the manufacturer of several filament making systems were collected and an 164 

average electricity requirement was determined (see Table 2). Where average power consumption was 165 

not available, half of the maximum nominal power consumption was used (see: Table 2:  ccalculated). 166 

Table 2 – Electricity requirement of filament manufacturing used in LCA study,  a,bmanufacturer’s specifications (Felfil 167 
Evo specs., Filabot specs., Filabot spooler specs.), ccalculated 168 

Component and type 
Extrusion rate 

(g/h) 

Max power 

consumption 

(average) (W) 

Power requirement 

per kg filament 

(Wh/kg) 

Average power 

requirement per kg 

filament (Wh/kg) 

Felfil Evo (complete system) 
1.15 m/minutea 

(PLA: 816.5 g/h)c 
240 (110)a 135c 

321c 
Anonymous manufacturer 

(compact) 
500 1300 (300-400) 700c 
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Filabot Ex2 (Incl. spooler and 

cooler) 
910+b 470b (235)c 258c 

Filabot Ex6 (Incl. spooler and 

cooler) 
4500+b 1720b (860)c 191c 

 169 

Following manufacturing the filaments were transported by lorry to the 3D printing facility (100±20 170 

km) where the fabrication of the self-healing product took place. In order to estimate the range of 171 

material deposition rate of the 3D printer, a 3D model of a one cm3 (unit) cube was loaded to two 3D 172 

printing software (Slic3r V1.3.0 and Stacker Run V2.1.2) to calculate an estimate of the required 173 

printing time. Using the printing time and the amount of material required for a one unit cube, the 174 

material deposition rate was chosen between 6 and 18 g/hour (see Table 3). 175 

Table 3 - Life cycle inventory data used in the LCA, aEcoinvent 3 database, ccalculated, *value used for average self-176 
healing product 177 

Variable 
Level 

Comments 
1 2 3* 4 5 

Self-healing material 

volume fraction (SR) (%)  
20% 40% 60% 80% 100% 

Related to healing efficiency of the self-

healing material 

3D printer electricity 

consumption (3DE) (Wh) 
100 350 600 850 1100 

Basic Prusa consumes about 120 Wh, 

Dimension SST up to and over 1 kW. 

Material deposition rate  

(MD) (g/hour) 
 6 9 12 15 18 

Affected by various 3D printing 

parameters (see: Figure 4) 

Avoided production (AP) 

(%) 
19% 38% 57% 76% 95% As a result of product life extension. 

Transportation of self-

healing product  (TR) (km) 
100 200 300 400 500 

From 3D printing facility to retail by 

lorry 

Recycling ratio (RE) (%) 10% 30% 50% 70% 90% 
Ratio of recycle and landfill. Affected by 

the recycle ability of materials 

       

Constant   Value   Comments 

Filament maker electricity 

consumption (Wh) 
234 

Average value based on manufacturer’s 

specifications 

Transportation of raw 

materials (km) 
200 

From raw materials to filament 

manufacturing facility by lorryc 

Transportation of 

filaments (km) 
100 

From filament manufacturing to 3D 

printing facility by lorryc 

Self-healing PU raw 

material ratio (by weight) 

Polybutadiene: 60% 

Methylenediphenyl diisocyanate (MDI): 30% 

Butane-1,4-diol: 10% 

See: Table 1 

 178 

The overall energy requirement of 3D printing is affected by numerous factors such as printing speed 179 

(mm/s), model orientation, infill density, printing temperature, just to name a few (Khalid and Peng, 180 

2021). The relationship of most important 3D printing variables and their effect on electricity 181 

consumption is summarised in Figure 4. 182 
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 183 
Figure 4 - Parameters and their effect on total electricity consumption a 3D printing process: Purple - used as a 184 

parameter (see: Table 3 for details) 185 
 186 

Although the material deposition rate ultimately affects the energy consumption of the 3D printing 187 

process, overall electricity consumption was still chosen as a variable as it also reflects the type of 3D 188 

printer being used and therefore was essential to include as a separate variable in the study. Electricity 189 

consumption of small commercial 3D printers such as the Prusa typically start at around 120 Wh (Prusa 190 

FAQ) and can reach as high as 1.1 – 1.5 kWh for printers with heated building chambers such as the 191 

Dimension SST (Balogun et al., 2014). For this reason the electricity consumption of the 3D printer 192 

was chosen to be a variable between 100 and 1100 Wh. Following 3D printing the self-healing product 193 

were transported to retail by lorry, the distance was varied between 100 and 500 km in order to 194 

investigate its effect on the overall impacts. 195 

In order to distinguish self-healing from other restoration techniques such as repair, self-healing in 196 

this study refers to “a product’s capability to restore/maintain its function and user acceptance within 197 

its operating environment” (Cseke et al., 2020). Thus self-healing ability is linked to the product’s 198 

function rather than a restoration of a material properties, such as tensile strength (Aïssa et al., 2012; 199 

Bekas et al., 2016; Blaiszik et al., 2010; Diesendruck et al., 2015; Guadagno et al., 2014; Hager et al., 200 

2010; Herbert and Li, 2013), which do not on their own describe the self-healing capability and life 201 

extension of a product.  Depending on the self-healing ability of the product, if the product’s service 202 

life is extended by a factor N during the product’s life time, the manufacture of a total of N-1 products 203 

can be avoided. For example, if a self-healing product lasts five times (N=5) as long as its conventional 204 
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counterpart, during its life time the manufacturing of four (5-1=4) conventional products can be 205 

avoided. Expressing the avoided production as a percentage of the total therefore equates to 
5−1

5
 ∙206 

100% = 80% avoided production. Similarly, levels of 19, 38, 57, 76 and 95% avoided production 207 

used in the study therefore corresponds respectively to a life extension of 1.24, 1.61, 2.33, 4.17 and 20 208 

times the original lifespan of the product. 209 

Following the product’s disposal some of the material is recycled while other materials go through a 210 

waste scenario for household waste in England (available in SimaPro 9.1.0.8, not reviewed by 211 

Ecoinvent), including municipal waste and waste separation in advance. The waste stream going into 212 

recycling appears as avoided production of PLA and self-healing PU, therefore primary production 213 

have both the burdens and benefits of recycling. Depending on the type of self-healing material used 214 

in a product, the embedded impacts may affect its end-of life and recycle ability. For this reason the 215 

ratio of the waste stream going into recycling was used as a variable to express the varying degree at 216 

which self-healing materials are likely to be recycled. 217 

Altogether six input variables at five levels were selected (see: Table 3). If this was a full factorial 218 

design then a total of 56 = 15,625 combinations and calculations would have been required. The 219 

Taguchi fractional experimental design corresponding to six variables at five levels (L25) enables the 220 

same investigation with only 25 experimental runs.  The aim of the Taguchi approach was to use the 221 

signal to noise ratio to determine which of the six variables have the most effect on the life cycle 222 

impacts of the self-healing material (for details see: Appendix A). Results for the 25 observations were 223 

calculated using SimaPro version 9.1.0.8 and impact categories of global warming potential (GWP) 224 

(kg CO2 eq), Marine ecotoxicity (ME) (kg 1,4-DCB), Stratospheric ozone depletion (SOD) (kg CFC11 225 

eq) and Water consumption (WC) (m3) were examined. These were selected based on their relevance 226 

to a low carbon economy and the environmental damage pathways linked to polymer materials.  227 
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In Taguchi analysis, the output or responses are classified as nominal-the-best, smaller-the-best or 228 

larger-the-best. Since the aim was to minimise the environmental impact, smaller-the-best was 229 

selected. The L25 Taguchi array and the corresponding impacts from LCA for each run from SimaPro 230 

modelling were entered in Minitab statistical software. Through Analysis of Variance (ANOVA), 231 

corresponding levels for each input variable required to minimise the environmental footprint were 232 

determined.  233 

Initially, a comparative study was conducted to determine how impacts are shared across the 234 

product’s life cycle stages and to point out the main differences between a non-self-healing (100% 235 

PLA) and an “average” self-healing product using level 3 variables (see: Table 3). Life cycle stages of 236 

raw material manufacturing (PLA and PU), filament manufacturing, 3D printing, transportation (from 237 

all stages) and waste were used. This was then followed by a study to identify of dominant parameters. 238 

 239 

3. Results and Discussions 240 

The results for the comparative study of regular and self-healing products are presented in Table 4, 241 

for one functional unit in each impact category contributing to the main processes during the product’s 242 

life cycle. The numbers in brackets for each total show the standard deviations due to self-healing PU 243 

raw materials. The largest life cycle impact stage is shown in bold. Since regular product does not 244 

contain self-healing PU and uncertainties arising from transportation were negligible only the 245 

uncertainty of additional self-healing PU impact are indicated. The category transportation includes 246 

all three stages from raw materials to retail while waste includes the impacts arising from the non-247 

recycled content. The negative impact of recycled materials, i.e. the benefits of recycling that come 248 

from the avoided raw material manufacturing were already included in other life cycle stages. 249 
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Table 4 - Characterisation of impact categories for one kg of regular (SR=0 %, 3DE=600 Wh, MD=12 %, AP=0 %, 250 
TR=300 km, RE=50 %) and self-healing product (SR=60 %, 3DE=600 Wh, MD=12 %, AP=57 %, TR=300 km, RE=50 251 

%) (see: Table 3) using calculation in SimaPro, SD due to self-healing PU shown in brackets 252 

Impact 

category 

Material 

type 
Total 

Raw 

materials 

manuf. 

Filament 

manuf. 
3D printing Transport Waste 

Global 

warming (kg 

CO2 eq) 

Regular 30.438 1.657 0.105 28.230 0.208 0.238 

Self-healing 
13.246 

(0.124) 

0.784 0.045 12.139 0.176 0.103 

Stratospheric 

ozone depletion 

(kg CFC11 eq) 

Regular 1.543E-05 4.744E-06 5.763E-08 1.046E-05 1.410E-07 3.002E-08 

Self-healing 
5.773E-06 

(7.589E-08) 

1.121E-06 2.478E-08 4.498E-06 1.163E-07 1.291E-08 

Marine 

ecotoxicity (kg 

1,4-DCB) 

Regular 2.347 0.072 0.011 2.166 0.007 0.090 

Self-healing 
1.001 

(0.002) 

0.020 0.005 0.931 0.006 0.039 

Water 

consumption 

(m3) 

Regular 0.241 0.1342 0.0017 0.1042 0.0006 0.0002 

Self-healing 
0.074 

(0.0012) 

0.0279 0.0007 0.0448 0.0005 0.0001 

 253 

Based on the results for regular 3D printed material it is evident that majority of the impacts are 254 

dominated by 3D printing arising from the electricity consumption of the process, which seem to agree 255 

with the findings of other authors (Faludi et al., 2019; Khalid and Peng, 2021; Saade et al., 2020). The 256 

second most influential product stage is raw material manufacturing, which in the case of water 257 

consumption carries most of the impacts (0.134 m3) followed by 3D printing (0.104 m3). The higher 258 

proportion of water consumption arises from the current technological requirements of PLA and PU 259 

chemical processing. Together with 3D printing, raw material manufacturing constitute over 95% of 260 

the total impacts in all categories.  Negligible impact arises from transportation between processing 261 

stages and retail. These results seem to suggest that manufacturing processes for both raw materials 262 

and products (3D printing), cleaner energy sources and sustainable design strategies for material saving 263 

can play a crucial role in reducing the impacts of 3D printed products. 264 

End of life stage (waste) seem to be most influential in marine ecotoxicity resulting in higher impact 265 

than raw material manufacturing (0.072 vs 0.09 kg 1,4-DCB). This points to the significance of the 266 

impact of plastic waste in marine ecology. Therefore plastic waste prevention methods, such as product 267 

life extension through self-healing can play significant role in reducing marine ecotoxicity. 268 
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Transportation and filament manufacturing stages account for less than 2% of the total emissions in 269 

all impact categories suggesting that attempts to reduce the impacts of these categories should be 270 

lowest priority in the strategy for reducing the overall impacts of 3D printed products. The data 271 

presented in Table 2 is further illustrated in Figure 5 as the percentage of contribution of the main 272 

process stages to the total maximum emission in each impact category. 273 

 274 
Figure 5 - Process contribution to impact categories relative to their maximum for one kg of regular (SR=0 %, 275 

3DE=600 Wh, MD=12 %, AP=0 %, TR=300 km, RE=50 %) and self-healing product  (SR=60 %, 3DE=600 Wh, 276 
MD=12 %, AP=57 %, TR=300 km, RE=50 %) (see: Table 3) using SimaPro calculation. Error bar: uncertainty from self-277 

healing PU manufacturing 278 
 279 

When comparing the regular product to self-healing, the overall emissions of the self-healing product 280 

are lower in all categories, indicating that the reduction in the impacts brought about by the avoided 281 

production outweigh the embedded impacts of the self-healing technology. As expected, from all of 282 

the categories transportation is the least affected. This is because avoided production only affects the 283 

transportation processes related to manufacturing, due to less raw materials needed to be transported, 284 

while the weight and transport distance of the finished self-healing products are the same (functional 285 

unit: one kg) in both scenarios. 286 
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The largest impact of avoided production can be observed in the case of water consumption where in 287 

the case of the self-healing product it is reduced by 68%. Similar results can be observed across the 288 

product stages with 79% less water consumption during raw material manufacturing, 57% for 3D 289 

printing and 58% in the case of filament manufacturing. The smallest reduction in overall emission 290 

between the two products can be observed in the case of global warming where an overall reduction 291 

by 56% is achieved with only 53% decrease in raw material manufacturing. In the case of stratospheric 292 

ozone depletion emissions are reduced by 63%, while in the case of marine ecotoxicity, the impact is 293 

reduced by 57%. These results correspond to the 57% avoided production while deviations can be 294 

attributed to the impacts arising from infrastructure, such as manufacturing facilities and 295 

transportation. The sensitivity of most of these parameters on the resulting impacts is further explored 296 

using Taguchi method. 297 

Figure 6 shows the results of the Taguchi mean plots for each impact category as derived from the 298 

L25 design of experiments. The vertical axis indicate emission while the horizontal axis the parameters 299 

levels used for the study as shown in Table 3 as well as in the legend at the bottom of Figure 6 graph 300 

d). For each impact category the difference between lowest and highest values corresponding to each 301 

variable was calculated (Δ) and used for ranking (r) of the variable’s effect (sensitivity) on each impact 302 

category. The results are summarised in Table 5. 303 
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 304 
Figure 6 - The effect of LCI variables on impact categories. Figures a) – d): SR: Self-healing volume fraction (%), 3DE: 305 
Electricity requirement of 3D printing (Wh), MD: Material deposition rate (g/hour), AP: Avoided production (%), TR: 306 

Transportation by lorry (km), RE: Recycling ratio (%) 307 
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Table 5 - overall change caused by variable: Delta with rank (r); GWP:  global warming potential (GWP) (kg CO2 eq), 308 
ME: Marine ecotoxicity (ME) (kg 1,4-DCB), SOD: Stratospheric ozone depletion (SOD) (kg CFC11 eq), WC: Water 309 

consumption (WC) (m3) 310 

Impact 

category 
 

Self-healing 

volume 

fraction (SR) 

(%) 

Electricity 

requirement 

of 3D 

printing 

(3DE) (Wh) 

Material 

deposition 

rate (MD) 

(g/hour) 

Avoided 

production 

(AP) (%) 

Transportat

ion by lorry 

(TR) (km) 

Recycling 

ratio (RE) 

(%) 

Global 

warming (kg 

CO2 eq) 

Max-min (Δ) 13.759 29.233 14.321 46.256 11.951 11.422 

Rank (r) 4 2 3 1 5 6 

Stratospheric 

ozone depletion 

(kg CFC11 eq) 

Max-min (Δ) 4.E-06 1.E-05 6.E-06 2.E-05 4.E-06 5.E-06 

Rank (r) 6 2 3 1 5 4 

Marine 

ecotoxicity (kg 

1,4-DCB) 

Max-min (Δ) 1.05 2.233 1.102 3.546 0.907 0.876 

Rank (r) 4 2 3 1 5 6 

Water 

consumption 

(m3) 

Max-min (Δ) 0.033 0.089 0.065 0.224 0.04 0.07 

Rank (r) 6 2 4 1 5 3 

 311 

From the results of the Taguchi analysis it is evident that the impacts in each category are affected 312 

mostly by avoided production (AP) which ranks number one in all impact categories (Figure 6 - c)). 313 

This is supported by the dominant share of raw material to manufacturing constituting over 95% of the 314 

overall impacts of the 3D printed products. The second most influential variable is the electricity 315 

consumption of the 3D printing (3DE) which is placed second in each impact category. When 316 

comparing the contribution from avoided production (AP) with energy requirements for 3D printer the 317 

difference in their impact are between 37 to 60% across all categories which seem to agree with the 318 

findings of the comparative study (see: Figure 5) where Electricity consumption of 3D printing is the 319 

highest source of emission in most impact categories. Electricity consumption is followed by material 320 

deposition rate (MD) which ranked third in all categories except water consumption where the effect 321 

of recycling seems to be 7% higher (0.07 vs. 0.065 m3), indicating material deposition rate’s direct 322 

relation to 3D printing time and the electricity consumption (see: Figure 4). For variables SR, TR and 323 

RE the effect size was less than 30% compared to AP for GWP, with similar results in other impact 324 

categories. It can also be observed that for these variables there is a considerable fluctuation in impact 325 

values across levels 1-5 and no confident trend can be drawn observable in Figures 6 a) – d). 326 
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Based on the results of the sensitivity analysis the lowest impact for all categories is to be expected 327 

using the lowest (20%) self-healing PU fraction (SR), 3D printer with the lowest energy consumption 328 

(100 Wh) and highest depositions rate 18 (g/hour), highest avoided production 95%, shortest 329 

transportation (100 km) and 90% recycling ratio. The comparison between the average self-healing 330 

product (level 3 variables) and best case scenario based on the Taguchi analysis is shown in Table 6. 331 

Table 6 - Comparison between average self-healing product (level 3 variables) and best case scenario (based on 332 
Taguchi analysis) 333 

Impact 

category 

Material 

type 
Total 

Raw 

materials 

manuf. 

Filament 

manuf. 
3D printing Transport Waste 

Global 

warming (kg 

CO2 eq) 

Optimum 0.549 0.017 0.005 0.470 0.054 0.002 

Average 
13.246 

(0.124) 

0.784 0.045 12.139 0.176 0.103 

 Reduction 96%      

        

Stratospheric 

ozone depletion 

(kg CFC11 eq) 

Optimum 2.534E-07 4.031E-08 2.882E-09 1.744E-07 3.552E-08 3.002E-10 

Average 
5.773E-06 

(7.589E-08) 

1.121E-06 2.478E-08 4.498E-06 1.163E-07 1.291E-08 

 Reduction 96%      

Marine 

ecotoxicity (kg 

1,4-DCB) 

Optimum 0.0402 0.0006 0.0006 0.0361 0.0020 0.0009 

Average 
1.001 

(0.002) 

0.02 0.005 0.931 0.006 0.039 

 Reduction 96%      

Water 

consumption 

(m3) 

Optimum 3.093E-03 1.111E-03 8.648E-05 1.737E-03 1.560E-04 2.092E-06 

Average 
0.074 

(0.0012) 

0.0279 0.0007 0.0448 0.0005 0.0001 

 Reduction 96%      

 334 

The results presented in Table 6 the study shows that by using combined Taguchi experimental design 335 

and seeking for an optimum solution through analysis of variance a drastic, 96% decrease in all impact 336 

categories was realised in the life cycle assessment. This high reduction is also enabled by the 95% 337 

avoided production. 338 

 339 

4. Limitations and boundaries of the study 340 

While the results indicate that avoided production is critical for making self-healing products feasible, 341 

the tipping point can change from product to product. There is a range of product function restoration 342 
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for which self-healing can be applied for. For this reason product specific assessment may be required 343 

as early as conceptual product design, including an understanding of product failure and the 344 

mechanism driving the failure of critical life limiting components. 345 

While self-healing in the case of this study was assumed to be fully autonomous, energy requirements 346 

and potential emission (leaching, reaction with environment etc.) of healing mechanism may need to 347 

be taken into consideration. Currently very little data is available for the energy requirements of 348 

different healing mechanisms, therefore developing such datasets would provide vital input for the life 349 

cycle assessment for self-healing materials. However, a fully autonomous self-healing products 350 

appears to be the ideal in terms of functionally and potential for reduced impact. 351 

The impacts presented in this paper need to be updated to more accurately represent the impacts of 352 

specific self-healing PUs which may use different material ratios and various other additives depending 353 

on the specific application. The development of data sets for life cycle assessment of new self-healing 354 

materials is an area that needs addressing and the cooperation of commercial materials developers. 355 

The model used is for a passive product, i.e. without energy requirement and emission during use 356 

phase, the case for active products needs to be investigated. 357 

 358 

5. Conclusions 359 

Self-healing products represent a new innovation in the circular economy and in waste reduction. 360 

They enable increasing of service lifetime and product safety. In the study presented in this paper a 361 

multi parameter analysis was conducted using SimaPro 9.1.0.8 and Taguchi analysis in order to 362 

determine the crucial parameters that affect the impact of self-healing products manufactured by 3D 363 

printing. The following conclusions were made. 364 
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• In the study, global warming potential, marine ecotoxicity, stratospheric ozone depletion and 365 

water consumption were considered, and for each of these categories avoided production had 366 

the greatest effect followed by the electricity consumption of 3D printing. Material deposition 367 

rate of the 3D printer had lower affect in all categories, while self-healing material volume 368 

fraction, transportation and recycling had the lowest affect in most categories. 369 

• Due to the overall high impact of electricity associated with manufacturing, cleaner electricity 370 

sources can have major role in reducing impacts of 3D printing.  371 

• Self-healing materials can play a major and important role in reducing impacts of 3D printed 372 

products due to avoided production.  The focus for researchers should be on maximising the 373 

life extension enabled by autonomous self-healing mechanisms. This will enable more 374 

effective use of embedded energy in materials and realisation of avoided impacts.  375 

• Product specific assessments are required as early as the conceptual product design stage in 376 

order to assess and consider alternative designs, materials and manufacture to promote reduced 377 

life cycle impacts.  378 

• The use of renewable and near zero carbon footprint energy sources for 3D printing of self-379 

healing materials will have significant positive impact on the net zero agenda and on 380 

maximising material circularity.  381 

• More collaboration between commercial developers of self-healing materials and impact 382 

modellers will help in developing updated and refined datasets to support life cycle assessment 383 

of self-healing products. 384 

 385 
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Appendix A – Variables and level for the L25 Taguchi Orgonal Design used in the calculation 477 
 478 
 479 

Table 7 - Variables and levels for the L25 Taguchi array used in the calculation 480 

 Input variables Results 

Run 

Self-
healing 
material 
volume 
fraction 

(%) 

3D printer 
electricity 

consumptio
n (Wh) 

Material 
depositio

n rate 
(g/hour) 

Avoide
d 

produc
tion 
(%) 

Transportati
on of self-

healing 
product (km) 

Recy
cling 
ratio 
(%) 

Global 
warmin

g (kg 
CO2 eq) 

Stratospheric 
ozone 

depletion (kg 
CFC11 eq) 

Marine 
ecotoxici

ty (kg 
1,4-DCB) 

Water 
consu

mption 
(m3) 

1 20% 100 6 19% 100 10% 10.646 8.858E-06 0.821 0.192 

2 20% 350 9 38% 200 30% 15.507 8.697E-06 1.189 0.148 

3 20% 600 12 57% 300 50% 13.199 6.387E-06 1.009 0.094 

4 20% 850 15 76% 400 70% 8.202 3.588E-06 0.622 0.045 

5 20% 1100 18 95% 500 90% 2.007 8.526E-07 0.144 0.008 

6 40% 100 9 57% 400 90% 2.417 1.179E-06 0.179 0.016 

7 40% 350 12 76% 500 10% 4.270 2.776E-06 0.316 0.051 

8 40% 600 15 95% 100 30% 1.344 7.557E-07 0.092 0.010 

9 40% 850 18 19% 200 50% 66.592 2.683E-05 5.101 0.312 

10 40% 1100 6 38% 300 70% 43.731 1.723E-05 3.349 0.192 

11 60% 100 12 95% 200 70% 0.481 3.097E-07 0.026 0.003 

12 60% 350 15 19% 300 90% 27.191 1.042E-05 2.081 0.111 

13 60% 600 18 38% 400 10% 25.837 1.172E-05 1.954 0.160 

14 60% 850 6 57% 500 30% 18.659 8.101E-06 1.413 0.104 

15 60% 1100 9 76% 100 50% 10.674 4.472E-06 0.806 0.053 

16 80% 100 15 38% 500 50% 5.402 2.759E-06 0.389 0.042 

17 80% 350 18 57% 100 70% 7.848 3.261E-06 0.587 0.038 

18 80% 600 6 76% 200 90% 5.764 2.257E-06 0.433 0.023 

19 80% 850 9 95% 300 10% 1.786 8.396E-07 0.124 0.010 

20 80% 1100 12 19% 400 30% 86.421 3.336E-05 6.590 0.359 

21 100% 100 18 76% 300 30% 1.875 8.979E-07 0.120 0.011 

22 100% 350 6 95% 400 50% 0.920 4.364E-07 0.058 0.004 

23 100% 600 9 19% 500 70% 46.967 1.764E-05 3.579 0.180 

24 100% 850 12 38% 100 90% 33.530 1.253E-05 2.563 0.126 

25 100% 1100 15 57% 200 10% 24.156 9.324E-06 1.811 0.098 

 481 


