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a  b  s  t  r  a  c  t

The  ecodesign  of  a product  implies  that different  potential  environmental  impacts  of diverse  nature  must
be  taken  into  account  considering  its  whole  life  cycle,  apart  from  the  general  design  criteria  (i.e. technical,
functional,  ergonomic,  aesthetic  or economic).  In  this  sense,  a  sustainability  assessment  methodology,
ecological  footprint  (EF),  and  environmental  risk  assessment  (ERA),  were  combined  for  the  first  time  to
derive  complementary  criteria  for the  ecodesign  of  footwear.

Four  models  of  children′s shoes  were  analyzed  and compared.  The  synthetic  shoes  obtained  a  smaller
EF  (6.5  gm2)  when  compared  to  the  leather  shoes  (11.1  gm2). However,  high  concentrations  of  hazardous
substances  were  detected  in the  former,  even  making  the  Hazard  Quotient  (HQ)  and  the  Cancer  Risk
ntegration (CR)  exceed  the  recommended  safety  limits  for one  of  the  synthetic  models  analyzed.  Risk  criteria  were
prioritized  in  this  case  and,  consequently,  the  design  proposal  was  discarded.  For  the  other  cases,  the
perspective  provided  by the  indicators  of  different  nature  was  balanced  to accomplish  a  fairest  evaluation.

The selection  of  fibers  produced  under  sustainable  criteria  and  the  reduction  of the  materials  consump-
tion was  recommended,  since  the  area  requirements  would  be minimized  and  the  absence  of  hazardous
compounds  would  ensure  safety  conditions  during  the  use  stage.
. Introduction

Ecodesign may  be defined as the systematic introduction of
nvironmental concerns during product design and development
1]. This means to bear in mind the environmental impacts at
ll stages of the product life cycle, starting at the designing and
evelopment phases. The objective is to create sustainable solu-
ions that satisfy human needs and desires [2].  The identification
nd appraisal of the environmental burdens require the applica-
ion of evaluation tools. The different available indicators offer
omplementary visions of the studied scenario; therefore, they
annot be replaced by each other and, in most cases, more than
ne should be applied at a time [3].  Thus, ecodesign should
ope with two main aspects: design for sustainability and for
afety.

The perception from consumers is of major relevance for the
hoemaking industry. In this respect, Alcántara et al. [4,5] scruti-

ized the semantic space of casual shoes regarding the customer’s
references. They found that the semantic space of casual footwear
as described by 20 independent axes related to use and context

∗ Corresponding author. Tel.: +34 881 816 774; fax: +34 881 816 702.
E-mail address: enrique.roca@usc.es (E. Roca).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.07.028
© 2011 Elsevier B.V. All rights reserved.

of use, aesthetics, performance, quality, social context and gender,
which formed a sound basis for emotional design and evaluation of
shoes. However, sustainability criteria are also awaking the interest
of the customers. Hence, different companies have presented ini-
tiatives on the development of environmental friendly shoes, like
the ECCO Group, Nike, Timberland or Camper. The main strategies
followed were the use of non-hazardous and low energy content
materials, keep to a minimum the use of harmful chemicals and
the recycling of materials. In this respect, the footwear industry is
responsible for a large waste stream at the end of the functional
life of shoes, which are often disposed of in landfills. The potential
reuse or recycling of these products is conditioned by the type of
materials they are composed of, their diversity and feasibility to
be separated, aspects that should be considered during the design
stage [6,7].

As for other products, a European Eco-label exists for footwear
[8] that provides guidance on the ecological goals that should
be pursued, as recommended by the Integrated Product Policy –
IPP – [9].  Besides, the content of certain hazardous substances is
regulated: e.g. dimethyl fumarate [10,11], phthalates [12] or azo

colorants [13]. Allowable thresholds are always more restrictive for
children’s products. Multinational corporations must bear in mind
that legal restrictions vary among countries. Hence, the develop-
ment of ad hoc analyses results appealing to simplify the process

dx.doi.org/10.1016/j.jhazmat.2011.07.028
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:enrique.roca@usc.es
dx.doi.org/10.1016/j.jhazmat.2011.07.028
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nd to gather together all the relevant information for the particular
ase study.

In this work, a sustainability assessment methodology, ecolog-
cal footprint (EF), and environmental risk assessment (ERA), were
ombined for the first time to derive complementary criteria for
he ecodesign of footwear. The EF accounted for the environmen-
al burdens associated to the manufacture of the products [14],
hereas the ERA was used to estimate the risk derived from the

xposure to certain hazardous substances that raw materials may
ontain (organic compounds, heavy metals, etc.) and that would
ffect the final consumers of the product or factory employees [15].
he ecodesign of children’s footwear was taken as case study.

. Materials and methods

First, the case study is described, as well as the steps followed
or inventory data collection. Then, the section introduces the two
nvironmental methodologies, EF and ERA, applied in the analysis.

.1. Case study

Given the major concern on children’s products, four models
f size EU-20 shoes were evaluated: leather red, leather white,
ynthetic pink and synthetic white. The former two and the latter
wo were only differentiated by the color. The production process
here these shoes were manufactured, located in Elche (Alicante,

E Spain), was studied (Fig. 1). On the basis of a pair of shoes as
unctional unit, inventory data regarding the production process
as provided by the factory.

A wide number of operations are required for making a pair
f shoes and they are generally performed by a separate machine.
fter the design is finished, the first stage of the shoemaking pro-
ess is the cutting of the pieces that will take form of uppers. This
peration needs a high level of skill, especially when the material is
eather, to minimize the generation of waste and to avoid the likely
efects on the surface that cannot be part of the shoe. Therefore,

t is hardly automatized; however, algorithms exist to deal with
his nesting problem to minimize the trim loss [16]. Next, the com-
onent pieces are sewn together to produce the completed upper.
he completed uppers are molded into a shape of foot with the
elp of a last, a plastic shape that simulates the foot shape, which

s later removed from the finished shoe to be used in making other
hoes. The surplus of material is trimmed off the seam and the other
arts of the shoes (toe cap, stiffener, insole, sole, etc.) are sequen-
ially attached. After gluing steps, a thermal treatment takes place
o assure a good adherence. Once the main structure of the shoe
s ready, accessories (rings, eyelets, laces, rivets, etc.) are incorpo-
ated. At the finishing stage, shoes are cleaned; then, depending
n the material and their final use, they could be stained, polished
r waxed to ensure an attractive finish. After visual control, the
ootwear is packed.

.2. Inventory data collection

Samples of the materials employed in the manufacture of the
hoes, as well as a finished shoe, were provided, including a techni-
al description (e.g. type of material, supplier, composition, color,
tc.). Given the different nature of the components of the shoe, dif-
erent strategies were followed for data collection. Further, their
ransformation into mass units was required for the application of
F and ERA. Given that samples of the entire sole were provided,
hey were weighted directly. For the main parts of the shoe, the

hoemaking factory provided average consumption values of mate-
ials for a size EU-20 pair of shoes. These data were expressed in
t2, units usually handled in the footwear industry. To convert these
onsumption values into mass units it was necessary to determine
aterials 192 (2011) 1876– 1881 1877

the surface density of the materials. Thus, the mass of samples
with known dimensions was determined in the laboratory using
a precision balance (AND model EK-1200G) and then the surface
densities were estimated. For special elements like eyelets, rivets
or rings, the mass of a single piece was measured and then multi-
plied by the number of pieces in the pair of shoes. The mass of laces
was  measured for a given length and then multiplied by the total
length employed. Finally, samples of the sole were provided and,
therefore, their mass was directly measure with the balance.

2.3. Ecological footprint

The ecological footprint (EF) is a sustainability indicator that
determines the space required to support an activity by means of
the area needed to provide the resources consumed and to absorb
the wastes generated [17,18]. Demand for resource production and
waste assimilation are translated into global hectares by dividing
the total amount of a resource consumed (or waste generated) by
the global average yield of the land type that produces that resource
or absorbs that waste. This area is multiplied by the appropriate
equivalence factor to express the total demand in global hectares
for each resource. Yields are calculated based on various interna-
tional statistics, primarily those from the United Nations Food and
Agriculture Organization [19].

In this case, the component approach based on life cycle inven-
tory was employed [18]. Thus, individual EFs were calculated for
each material and energy flow in the inventory data, and then they
were aggregated to estimate the total EF of the pair of shoes. This
indicator was employed to evaluate the energy and materials con-
sumption [14], as well as the solid waste generation according to
Herva et al. [20].

Electricity was  the only source of energy used in the factory
and, consequently, air emissions were not released on site. The
shoemaking process took place in two  different buildings to which
electricity was supplied by different companies. Therefore, both
electricity mixes were considered to assess the EF.

2.4. Environmental risk assessment

Environmental risk assessment (ERA) is a standardized process
for the estimation of the magnitude, probability and uncertainty of
adverse effects on health derived from the exposure to substances
present in the environment [21,22]. Risk assessment comprises
hazard identification, exposure assessment and risk characteriza-
tion, from which two relevant indicators (Hazard Quotient HQ and
the Cancer Risk factor CR)  can be obtained as indicated in Eqs. (1)
and (2).

HQ = Dose

RfD
(1)

CR = Dose · SF (2)

where HQ is the Hazard Quotient, Dose (mg  kg−1 day−1) is the
exposure dose to the chemical, CR is the Cancer Risk factor, RfD
(mg  kg−1 day−1) and SF (kg day mg−1) are Reference Doses for non-
carcinogenic effects and Slope Factors for carcinogenic effects,
respectively. HQ and CR are dimensionless.

The dermal route was considered in this case to estimate the
exposure to contaminants due to the use of footwear. Total doses
were calculated under the approach of worst case scenario, i.e. con-
sidering direct contact skin-shoe (this may  be more close to reality
during warm seasons). Daily doses of exposure to contaminants via

dermal absorption were determined according to Eq. (3) [23].

Derms = CS ·
(

SAfeet

BW

)
· AdhF · CT · DAF · 0.01 (3)
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Table 1
Parameters (age group 1–2 years) for the estimation of the daily dose of each con-
taminant due to dermal contact with shoes [24].

Parameter Units Value

2

w
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D

Mean surface area for feet SAfeet m 0.033
Mean body weight BW kg 11.4
Contact time CT h day−1 8

here Derms (mg  kg−1 day−1) is the estimated daily dose of each
ontaminant due to dermal contact with shoes and CS mg  kg−1 is
he concentration of the contaminant in shoes. Mean surface area
or feet (SAfeet), mean body weight (BW) and contact time (CT) for
n age group 1–2 years were defined in Table 1 and DAF is the
ermal absorption factor (Table 2). AdhF (mg  cm−2) is the adher-
nce factor; in the particular case of shoes, feet were considered to
e totally in contact with the components and the values of sur-
ace densities of materials were used as adherence factors. The
actor 0.01 is the result of the homogenization of units to make
he equation consistent. CS values were determined by an external

aboratory.

For the risk characterization data from Table 2 were applied.
oute-to-route extrapolations were employed in those compounds
ith unavailable specific dose-response assessment for the dermal

able 2
ata used for the risk characterization in the ecodesign of shoes [22].

Compound DAF GIAB OralRefD (mg  kg−1 day−1) O

DEHP 1.00 × 10−1 1.00 4.00 × 10−2 1.
BBP 1.00 × 10−1 1.00 2.00 × 10−2 1.
DBP 1.00 × 10−1 1.00 2.00 × 10−1 – 

DNOP  1.00 × 10−1 1.00 1.00 × 10−1 – 

Formaldehyde 1.00 × 10−1 1.00 2.00 × 10−1 – 

Cadmium 1.00 × 10−3 2.50 × 10−2 1.00 × 10−3 – 

Chromium VI 1.00 × 10−3 2.50 × 10−2 3.00 × 10−3 – 

Leada 1.00 × 10−3 1.50 × 10−1 3.60 × 10−3 – 

EHP: di(2-ethylhexyl) phthalate; BBP: benzyl butyl phthalate; DBP: dibutyl phthalate; D
a Data for lead were extracted from WHO  [25] except for GIAB [22].
b Estimated according to Eq. (4).
c Estimated according to Eq. (5).
hoemaking factory.

route. Oral to dermal RfD and SF were extrapolated by multiplying
and dividing the oral RfD and SF by the gastrointestinal absorption
factor (GIAB), respectively [22]. The list of compounds considered
was  established on the basis of the substances likely to be present
in the shoes.

DerRfD = OralRfD · GIAB (4)

DerSF = OralSF

GIAB
(5)

From this, the HQ and the CR for each compound were estimated by
comparing the estimated doses with the reference values, applying
Eqs. (1) and (2),  respectively. They were later added to obtain the
final indicators.

3. Results and discussion

3.1. Inventory data

The inventory (based on a functional unit of a pair of shoes)

regarding the consumption of materials for the different models
of shoes analyzed was collected in Tables 3 and 4. Note that the
inventory was the same for the white and red leather shoes as well
as for the pink and white synthetic shoes. An average consump-

ralSF (mg−1 kg day) DerRefD (mg  kg−1 day−1)b DerSF (mg−1 kg day)c

40 × 10−2 4.00 × 10−2 1.40 × 10−2

90 × 10−3 2.00 × 10−2 1.90 × 10−3

2.00 × 10−1 –
1.00 × 10−1 –
2.00 × 10−1 –
2.50 × 10−5 –
7.50 × 10−5 –
5.40 × 10−4 –

NOP: di-n-octyl phthalate.
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Table  3
Inventory data to estimate the EF of the synthetic model.

Element Material Consumption (ft2/pair) Surface density (g/cm2)a Consumption (g/pair)

Sole Rubber 29.5208b

Upper Polyurethane 0.70 0.0379 24.6472
Insole Cotton & polyester 0.18 0.0193 3.2274
Lining A Leather 0.74 0.0333 22.8932
Lining B Polyester 0.74 0.0181 12.4434
Velcro Nylon & polyester 0.02 0.0745 1.3142

Element Material Consumption (no. pieces) Mass (g/piece) Consumption (g/pair)

Rings Zinc 1 0.4183 0.4183

a Experimentally determined.
b Directly measured.

Table 4
Inventory data to estimate the EF of the leather model.

Element Material Consumption (ft2/pair) Surface density (g/cm2)a Consumption (g/pair)

Sole Rubber 29.5208b

Upper Leather 0.76 0.0714 50.4129
Insole Cotton 0.18 0.0339 5.6723
Lining A Leather 0.12 0.0365 4.0692
Lining B Polyamide 0.12 0.0115 1.2821
Velcro Nylon and polyester 0.02 0.0692 1.2199

Element Material Consumption (no. pieces) Mass (g/piece) Consumption (g/pair)

Rings Zinc 1 0.4183 0.4183
Eyelets Nickel 12 0.1568 1.8816
Rivets Nickel 4 0.1192 0.4768

Element Material Consumption (cm) Mass (g/cm) Consumption (g/pair)

Lace Viscose and polyurethane 40 0.0286 1.144
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spite of its higher energy requirements. The difference was that
polyester did not require the land area for cultivation that cotton
and hemp did. Actually, crop cultivation represented the greatest
proportion of the EF in the cotton case studies, which ranged from
a Experimentally determined.
b Directly measured.

ion of 0.75 kWh  of electricity was allocated for a pair of shoes
anufactured.
The results from the external laboratory regarding the concen-

ration of hazardous compounds in shoe samples were collected
n Table 5, indicating the model of shoe, the part of shoe, the sub-
tance that was detected and the concentration. These values were
sed to determine the exposure to each contaminant due to dermal
ontact.

.2. EF results

Two EF values were appraised using data from Tables 3 and 4,
ielding the following results: 6.5 gm2/pair of shoes for the syn-
hetic shoes and 11.1 gm2/pair of shoes for the leather shoes (Fig. 2).
iven that only an average electricity consumption value was  avail-
ble, the EF estimated for the energy category was the same in
oth cases (1.8 gm2); nevertheless, this was considered as a good
pproximation since only shoes for children were manufactured
n the factory and similar electricity consumption patterns were

xpected. For the two models of shoes evaluated the major con-
ributor to the total EF was the materials category. Among the

aterials, leather presented the largest EF, thus leading to the
igher EF for the leather shoes (contribution from upper and lining).

able 5
nventory data for the ERA of the models of shoes studied.

Model Part Substance ppm

Pink synthetic Insole Phthalates 1300
Lining Formaldehyde 25
Lining Chromium 9.82

White synthetic Lining Formaldehyde 131
Insole Formaldehyde 92

White leather Lining Formaldehyde 22
The reasons why  natural materials obtain higher EFs must be
sought in the kind of metric that this indicator provides. Cher-
rett et al. [25] studied five fiber types, namely conventional cotton,
organic cotton, conventional hemp, organic hemp and polyester,
and ranked them with regard to the EF (gha) of producing one ton
of spun fiber. The lowest EF figure was 1.5 gha t−1 for organic hemp.
Polyester produced in Europe presented an EF of 1.67 gha t−1, in
Fig. 2. EF of the models of shoes evaluated, indicating the contribution from the
energy and materials consumption.
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Table 6
Results from ERA for the models of shoes analyzed.

Model Piece Substance HQ CR

Pink synthetic Insole Phthalates 29.84 8.35 × 10−3

Lining Formaldehyde 0.06 –
Lining Chromium 1.04 –

Total 30.94 8.35 × 10−3

White synthetic Lining Formaldehyde 0.34 –
Insole Formaldehyde 0.23 –
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when children are the target users. Therefore, the sustainability
Total 0.57 –
White leather Lining Formaldehyde 0.06 –

.17 gha for organic cotton to 3.57 gha for conventional cotton. Sim-
larly, the main component of the EF of leather was the pasture land
or cattle raising; nonetheless, the raw material in the production
f leather is a by-product of the meat industry, and allocation of
urdens should be considered [26]. The consequence was that the
ynthetic models analyzed obtained a better evaluation from the
F perspective.

Besides, the perspective from other indicators must also be con-
idered during the ecodesign stage, as proposed in this work, to
raw a more complete map  of the environmental implications of
aking one or another choice. Thus, using leather for which phos-

honium instead of chromium was used as tanning agent would
ake a difference. The presence of chromium would not only pose

 hazard during the using stage, but for example it would also rep-
esent an environmental load of concern for the tanning factories
r at the end-of life if shoes are incinerated or if they are disposed
f in landfill because of the likely spontaneous oxidization of Cr3+

o Cr6+ in the open-air dumps [27]. Hence, although the entire cra-
le to grave cycle was not analyzed [28], the effects of the methods
mployed during the processing of materials will be transferred to
ny extent to the final product in terms of the presence of hazardous
ubstances, thus being considered during the ERA.

.3. ERA results

Results from ERA are presented in Table 6. Alarming results were
btained for the pink synthetic shoes. This was due to the presence
f high levels of phthalates in the insole (specifically in the print-
ng) that made the CR and HQ exceed the tolerable thresholds. It

ust be remarked that, given that the kind of phthalate was not
pecified, it was assumed to be DEHP under a worst case scenario
pproach (this compound presented the lowest RfD and the high-
st SF).  Phthalate esters are predominantly used as plasticizers due
o the flexibility and softness they add to PVC resins [29]. They
ave a high potential to diffuse out of plastic materials since they
re not covalently bound to the polymeric matrix, what may  be
f major concern in children’s products because of mouthing (oral
athway of exposure to contaminants). Therefore, the presence of
his kind of substances – especially DINP (di-isononyl phthalate) –
n toys has been the subject of criticism and different studies have
ealt with the assessment of the risk associated [30,31]. Although
hese studies concluded that oral exposure to DINP from mouthing
oft plastic toys is not likely to present a health hazard to children,
t is also important to highlight that the total hazard index is the
esult of the contribution from different pathways to which human
eings may  be exposed in daily activities. The European Directive
005/84/EC [12] stated that the precautionary principle should be
pplied and established the introduction of restrictions of phtha-
ates for toys and childcare articles, being more severe for DEHP,
BP and BBP, which had been identified as repro-toxic substances.

hus, the presence of phthalates in children’s footwear (which apart
rom the dermal contact could also be put in the mouth) should be
voided.
aterials 192 (2011) 1876– 1881

A risk of concern was assessed for the white synthetic shoes.
The reason in this case was  the HQ associated to the formaldehyde
present in the shoe lining and in the insole. Meanwhile, for the
white leather shoes the HQ was  low enough to consider safety con-
ditions. Formaldehyde is a substance toxic by inhalation, in contact
with skin and if swallowed, and it causes burns [32]. There is limited
evidence of its carcinogenic effect and therefore, no slope factors
are available. Finally, no hazardous substances were detected in the
red leather shoes.

3.4. Analysis of ecodesign criteria

The final challenge of the study was to combine the informa-
tion provided by the EF and the ERA to analyze the shoe models
proposed during the ecodesign stage. By incorporating the perspec-
tive of EF and ERA in the ecodesign stage, many of the aspects also
evaluated in the European Eco label are considered [8].  Thus, the
use of sustainable materials or the effect of energy consumption is
included in the EF appraisal. Besides, the limitation of substances
harmful for health and the environment (e.g. chromium) is estab-
lished by the HQ and CR maximum allowable thresholds.

According to the EF, the synthetic shoes were regarded as more
sustainable in terms of resources consumption. In contrast, these
presented the largest HQ and CR.  Particularly, in the case of the
white synthetic shoes, the risk indicators were largely over the rec-
ommended limits (1 for HQ and 10−4 for CR)  and, therefore, they
were discarded as a feasible option. On the other hand, although the
HQ for the white synthetic shoes was under 1, it was high enough to
be of concern, taking into account that only one route of exposure
was  considered in this study and that the contribution from other
sources could lead to exceed the safety limit.

The difficulty arises at prioritizing certain criteria with respect
to other. The common thinking recognizes the supremacy of safety
for consumers with respect to minimization of resources consump-
tion. Nonetheless, when the proposals are under the recommended
limits, the perspective provided by the indicators of different nature
should be balanced to accomplish the fairest evaluation. In this
respect, the red leather shoes were regarded as the best option
among the four proposals evaluated in this work; however, if the
sources of risk were eliminated from the synthetic shoes (e.g. by
selecting other suppliers for the lining and insole), these latter
would be preferable.

Selecting fibers produced under sustainable criteria and reduc-
ing the materials consumption as much as possible would lead to
achieve the better ecodesign options, since the area requirements
would be minimized and the absence of hazardous compounds
would ensure safety conditions during the use stage. Another
option would be to use recycled materials, like rubber from tires
in soles.

4. Conclusions

The introduction of sustainability and safety criteria during the
design of products is essential to ensure that the consumption of
resources is minimized. In this work, the EF was  applied as indi-
cator of sustainability to provide a metric that enabled a quick
comparison among the pressure on resources of different shoe
design proposals. Nevertheless, it is also important to ensure that
the materials employed in the manufacture of the products will
not pose a risk for consumers during the use stage, features that
are not considered in EF assessments. This is of special importance
criterion provided by the EF was  combined with the HQ and CR
indicators derived from the application of ERA. As a consequence,
the synthetic shoes that had been evaluated as more environmen-
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al friendly by the EF, were discarded after conducting an ERA and
hecking that the presence of high concentrations of hazardous
ubstances made the shoes unsafe and, therefore, inappropriate for
se.

Other environmental indicators could be considered to enhance
he perspective during the decision-making at the design stage, but
he complexity of the problem would make the process rougher.
urther, these should be coupled with aesthetic, economic or com-
ort criteria. Hence, the aid of multi-criteria methodologies would
e required to deal with trade-offs among indicators. In this respect,
he use of fuzzy logic techniques could provide a suitable way  to
erive and ecodesign indicator that integrates the information pro-
ided by the different criteria considered.
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