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Abstract

As mattress recycling continues to grow nationwide, there is a need for additional secondary markets
for post-consumer mattress foam beyond the traditional carpet rebond pad. This report presents the
development and evaluation of two recycling pathways for converting post-consumer polyurethane
(PU) mattress foam into functional materials for footwear applications. Specifically, we explored how
post-consumer recycled PU foam can be incorporated into both cushioning midsoles and high-traction
outsoles, enabling a practical circular-economy approach for the footwear industry.

The project, sponsored by the Mattress Recycling Council (MRC), established two complementary
recycling routes, both of them exploiting the vitrimeric properties of thermoset PU mattress foam. The
internal pathway integrates chemical and mechanical processing to produce flexible sheets suitable for
midsole applications. These sheets were blended with thermoplastic polyurethane (TPU) at various
ratios and evaluated under cyclic compression to quantify damping behavior, residual strain, and energy
absorption. The results demonstrated that recycled content can be used to tune cushioning performance
while maintaining mechanical stability.

The external pathway incorporates recycled PU foam/TPU “vitrimers” sourced from VitriCycle® into
our patent-pending TPU-fiber composite, originally developed for winter outsoles. This composite uses
soft fibers to maintain traction on icy surfaces, and our findings showed that adding recycled PU did
not diminish slip-resistance performance. Outsole test plugs were fabricated using extrusion, molding,
and additive manufacturing, then evaluated through abrasion resistance and coefficient of friction
(COF) testing, and scanning electron microscopy (SEM). The recycled-content containing composites
maintained competitive durability and traction, with wear patterns consistent with the original system.

Overall, the project demonstrated that mattress-derived PU foam can be successfully transformed into
high-value footwear components. The work provides complete processing workflows, prototype
midsoles and outsoles, and performance data that support future scale-up. These outcomes highlight the
potential for the use of recycled PU mattress foam in footwear midsoles or outsoles, opening up
potential new markets for recycled mattress foam and enabling sustainable material innovation in the
footwear sector.

Background

Polyurethane (PU) foam is widely used in consumer products, particularly in bedding and furniture and
there has been increased focus on recycling mattress components in recent years. As the volume of
recycled mattress components continues to grow, there is increasing interest in identifying additional,
potentially higher-value applications for recycled foam and textiles, beyond traditional outlets such as
carpet rebond pad.

Footwear represents a promising opportunity for material circularity. Modern shoes rely heavily on
polymeric foams and elastomers, particularly in midsoles for cushioning and in outsoles for durability
and traction [1]. The footwear industry is also actively seeking sustainable materials that reduce reliance
on virgin polymers. These factors make mattress-derived PU foam an attractive candidate for upcycling
into footwear components, provided that the recycled material can meet performance requirements.
Slips and falls on ice are a major safety issue for pedestrians, workers, and winter-sports participants
[1,2]. Traditional winter boot outsoles often rely on hard glass or metal fibers to increase grip, but these
materials wear quickly and can be hazardous to manufacture [2]. Our team has previously developed a
patent-pending, bio-inspired outsole composite designed to improve traction on icy surfaces [1,3]. This
system uses a thermoplastic polyurethane (TPU) matrix reinforced with soft ZYLON® fibers
(polybenzoxazole (PBO) based) that protrude slightly from the surface, interlocking with ice to maintain
grip even after abrasion. Earlier studies demonstrated that this composite provides up to 40% higher
slip resistance and significantly improved wear performance compared with commercial winter-boot
materials. We manufactured the samples for outsole testing using additive manufacturing, particularly
fused-filament fabrication (FFF), as it plays a key role by enabling controlled fiber alignment and
consistent traction performance [4,5].



Building on this foundation, the current project investigated whether recycled PU foam from discarded
mattresses can be integrated into both cushioning and traction-focused footwear components. Both
approaches took advantage of the vitrimeric properties of thermoset PU foams that result from taking
advantage of the thermal reversibility of the urethane bonds. The central hypothesis is that recycled PU
can be blended with TPU to produce midsole materials with tunable mechanical properties, and that it
can also be incorporated into the TPU-fiber composite outsole system without compromising slip
resistance. Because traction in the outsole composite is governed primarily by the fiber reinforcement,
we anticipated that recycled PU may influence abrasion resistance, but that the excellent ice-friction
performance may be largely maintained.

This Mattress Recycling Council (MRC) sponsored project therefore aimed to establish a practical
circular-economy pathway for mattress-derived PU foam by developing two complementary recycling
routes as illustrated in Figure 1; one for midsoles and one for outsoles, by validating the resulting
materials through mechanical testing, wear analysis, and prototype fabrication. The work supported
both environmental impact through waste diversion and technical feasibility for real-world footwear
applications.
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Fig 1 Internal (left) and external (right) recycling pathways for converting mattress-derived PU foam
into footwear components.

Foam Collection & Processing

All recycled foam used in this project originated from post-consumer mattress materials supplied by
MRC. The foams were collected and prepared for laboratory evaluation. The foam was manually cut
into uniform pieces to ensure consistent handling during processing and testing. This preparation step
was essential for establishing baseline material properties and for enabling controlled comparisons



across different recycling pathways. Establishing these baseline properties was essential because
post-consumer mattress foam is inherently heterogeneous. Differences in manufacturing origin, aging,
and environmental exposure can significantly influence density, tensile behavior, and structural
integrity. By characterizing the foam prior to reprocessing, we ensured that subsequent midsole and
outsole formulations were developed with a clear understanding of the material’s limitations and
strengths. This step also allowed us to identify which foam characteristics were most likely to affect
downstream processing, such as blending efficiency, melt behavior, and composite uniformity. Findings
showed that while the recycled foam had lower density than commercial midsole standards, this could
be improved through reprocessing and blending with other materials [5-9].

Experimental Methods
ASTM D3574 Density Test

e Purpose: Determine the density of each foam sample to assess uniformity and material quality.
e Procedure:
1. Samples were cut into specified dimensions. The volume of the specimen was greater than
10,000 mm? (0.61 in®) and the surface area was a minimum of 650 mm? (1 in?).
2. Mass and volume measurements were taken for each sample.
3. Density was calculated using the formula:

M

Density = m

Where:
M = mass of specimen, g, and

V = volume of specimen, mm?,
Density was be calculated in kg/m?.
e Results:

The density results provide insight into the structural variability of the recycled mattress foam. Density
is directly related to the foam’s cell structure, polymer content, and degree of degradation, all of which
influence its suitability for footwear applications. Lower-density foams typically contain larger or more
open cells, making them softer but less mechanically stable, while higher-density foams tend to be
stiffer and more resilient. By quantifying density across multiple samples, we were able to assess the
consistency of the feedstock and determine how much reprocessing or blending would be required to
achieve midsole-grade performance.

As shown in Table 1 and Figure 2, the 18 recycled foam samples tested exhibited a wide density range,
from approximately 14 to 65 kg/m?. This spread reflects the diversity of mattress foam types present in
post-consumer waste streams. Most samples fell within the 2040 kg/m® range, which is lower than
typical commercial midsole foams, which typically range from 150-250 kg/m? [11]. This indicates that
additional processing such as blending with TPU or applying chemical softening, would be necessary
to achieve the mechanical stability required for footwear applications. The density variability also
highlights the importance of a controlled recycling pathway to ensure consistent downstream
performance.

Table 1. Density values calculated using ASTM D3574 standards

Sample  Height Length Width Volume Density
No (mm) (mm) (mm) (mm?) Mass (g) (kg/m®)
1 23 26 26 15548 0.29 19.1

2 14 33 33 15246 0.52 33.8



3 14 33 33 15246 0.73 48.1
4 2 27 27 16038 1.05 65.3
5 18 29 29 15138 0.81 533
6 30 26 26 20280 0.60 298
7 2 27 27 16038 0.58 36.3
8 20 28 28 15680 0.47 29.7
9 14 33 33 15246 0.30 19.5
10 26 26 26 17576 0.48 27.6
11 24 26 26 16224 0.33 20.4
12 25 26 26 16900 0.52 30.9
13 8 45 45 16200 0.24 14.6
14 27 26 26 18252 0.44 24.1
15 23 26 26 15548 0.38 24.6
16 13 35 35 15925 0.43 27.0
17 12 35 35 14700 0.39 26.6
18 25 26 26 16900 0.88 52.0
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Fig 2. Bar Chart representing density values of the recycled foam mattress samples

ASTM D3574 Tensile Test

e Purpose: Assess the tensile strength at failure, tensile stress at a predetermined elongation, and
ultimate elongation properties of the foam samples.

e Procedure:
1. Foam specimens were prepared according to ASTM D 3754 standards (see Figure 3).
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Fig 3. Tensile test sample

2. Samples were tested using a universal testing machine at a speed of 500 mm/ min. The
predetermined elongation was set at 10%.

3. The tensile strength is calculated by dividing the maximum breaking force by the original cross-
sectional area of the specimen.

4. The tensile stress at predetermined elongation is calculated by dividing the force at
predetermined percent elongation by the original cross-sectional area of the specimen.

5. The ultimate elongation, A, is calculated by subtracting the original distance between the
benchmarks from the total distance between the benchmarks at the time of rupture and
expressing the difference as a percentage of the original distance, as follows

de —d
A% = [M] * 100
do
Where,
dr = distance between benchmarks at the break point.

d, = original distance between benchmarks.
e Results:

Tensile testing was performed to evaluate the foam’s ability to withstand stretching and deformation,
which is critical for understanding how it will behave during blending, extrusion, and repeated loading
in footwear applications. Tensile strength reflects the foam’s resistance to failure when subjected to
tensile stress, while elongation at break indicates flexibility and ductility. These properties are
influenced primarily by the foam’s polymer chemistry, density and cell structure. By analyzing tensile
behavior across multiple samples, we gained insight into how the recycled foam might contribute to the
mechanical performance of TPU-recycled PU blends.

The tensile results reveal substantial variability across samples, with tensile strength ranging from 0.09
to 0.22 MPa and elongation at break values spanning 60% to over 200% as shown in Figure 4 and Table
2. This variation is expected for post-consumer foam, which may originate from different mattress
grades. Importantly, many samples demonstrated elongation above 100%, indicating that the foam
retains sufficient flexibility to be reprocessed and blended with TPU. Higher-strength samples suggest
that certain regions of the foam maintain structural integrity, which may positively influence composite
performance. These findings reinforce the need for a recycling pathway that can accommodate material
variability while producing consistent mechanical behavior in the final product.

Figure 5 illustrates the variation in tensile strength across the recycled mattress-foam samples. The
spread in values reflects the heterogeneous nature of post-consumer foam, where differences in polymer
formulation and density lead to differences in mechanical properties. This variability is important
because it influences how the foam behaves during blending and reprocessing, and it highlights the need
for a recycling pathway that can accommodate a wide range of mechanical properties.



Figure 6 shows the tensile stress at 10% elongation, which provides insight into the initial stiffness of
the foam samples. This metric reflects how much resistance the material offers during early
deformation, a property relevant to both processing and end-use performance. The observed variation
indicates that some foam samples deform easily under small loads, while others exhibit greater
resistance. These differences can influence melt behavior during extrusion and the uniformity of TPU-
recycled PU blends. Understanding this early-stage deformation behavior helps predict how the foam
will contribute to the mechanical response of midsole composites.

Figure 7 presents the ultimate elongation values for all samples, highlighting the foam’s ability to stretch
before failure. Many samples exhibit elongation above 100%, demonstrating that the foam retained
substantial ductility even under large tensile deformation. This is encouraging for footwear applications
because materials with higher elongation can better withstand repeated deformation without cracking.
Overall, the distribution of elongation values confirms that the recycled foam possesses sufficient
flexibility to be reprocessed and blended with thermoplastic polyurethane for midsole applications.
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Table 2. Tensile Test results according to ASTM D 3754 standards

Sample Tensile Tensile Stress at 10% Ultimate

No Strength (MPa) Elongation (MPa) Elongation (%)
1 0.10 0.006 141

2 0.11 0.008 149

3 0.09 0.006 169

4 0.12 0.013 219

5 0.09 0.008 178

6 0.13 0.008 190

7 0.09 0.007 134
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Fig 5. Bar chart representing tensile strength at breaking force
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Fig 6. Bar chart representing tensile stress at 10 % elongation
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Fig 7. Bar chart representing ultimate elongation of the recycled mattress foam samples at the end of
the tensile test

Interpretation and Implications for Footwear Applications

The density and tensile results highlight the inherent heterogeneity of post-consumer mattress foam.
While this variability presents challenges, it also underscores the importance of the two-pathway
recycling strategy developed in this project. The internal (midsole targeted) pathway, which
incorporates chemical softening and compression molding, helps normalize mechanical behavior for
midsole applications. The external (outsole targeted) pathway, which blends recycled PU foam with a
TPU-fiber composite, leverages the foam primarily as a matrix modifier rather than a structural
component, reducing sensitivity to property variation.

Overall, the material characterization confirmed that mattress-derived PU foam possesses mechanical
properties compatible with both cushioning and composite applications when appropriately processed.



These findings informed the design of the midsole and outsole formulations evaluated in the subsequent
section.

Applications Testing

Applications testing was conducted to evaluate how recycled PU foam performed when incorporated
into both cushioning and traction-focused footwear components. The two recycling pathways were
developed: internal (midsole oriented) and external (outsole oriented), and were assessed through
mechanical testing, wear analysis, and prototype fabrication. These evaluations provided insight into
how recycled content influences performance and whether the resulting materials meet the functional
requirements of modern footwear.

Midsole Applications

The internal pathway integrated chemical softening with mechanical processing to convert post-
consumer mattress-derived PU foam into a form suitable for midsole applications. Foam was first
manually cut into uniform blocks and treated using a catalyst-swelling method in tetrahydrofuran (THF)
containing 0.3 wt.% dibutyltin dilaurate (DBTDL) for 16 h at ambient temperature. After swelling, the
foam was dried in a chemical fume hood until dry to the touch, then thermocompressed at 175 °C under
a 5-ton load for three 5 min cycles. The treated material was then cut into small pieces approximately
1-3 mm in length and about 1 mm in width, allowing it to be blended with thermoplastic polyurethane
(TPU) for midsole applications. Aromatic polyester-based TPU pellets, Ultra TPU 85A ES (Resmart,
Fort Worth, Texas), were used as the primary matrix material.

This approach was selected because midsoles require resilience, cushioning, and controlled energy
absorption under repeated loading, properties that can be tuned by adjusting the ratio of recycled PU to
TPU. To assess the suitability of recycled PU for this application, TPU:recycled-PU blends were
prepared at three ratios, 85:15, 70:30, and 50:50. The blends were then compression molded into
midsole test specimens using a 100 mm % 40 mm mold at 175 °C under a load of 1 ton for 30 min,
producing samples for cyclic compression testing.

Cyclic Compression Performance

Midsole specimens were tested using a Test Resources 200 Series electromechanical universal testing
machine (TestResources, Inc., Shakopee, MN, USA) in accordance with ASTM D3574 (Test C).
Samples were compressed at a crosshead speed of 1.3 mm min™'. Absorbed and dissipated energy
density were calculated from each loading cycle using the area under the stress-strain curves. This is
illustrated graphically with a representative stress—strain hysteresis loop in Figure 8. Specifically,
absorbed energy (Wabs) was calculated as the area under the loading curve (shaded region), and
dissipated energy (Wdiss) was calculated as the area enclosed by the loading—unloading loop (cross-
hatched region) for the same cycle. The damping coefficient (I])was defined as follows:

Il = Wdiss/Wabs
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Fig. 8. Representative stress—strain hysteresis loop illustrating calculation of Wabs and Wdiss.

Residual strain was calculated as the permanent strain remaining after unloading at the end of the cycle
and reported as a percentage of the original specimen thickness. Cyclic compression testing quantified
the damping coefficient (1)), residual strain, Wabs, and Wdiss for each formulation.

The compression results are summarized in Table 3.

Table 3. Midsole composite compression results

Composition (TPU- Dampin, Residual Strain

reCyCIied PU) ( " coeffl':ciegnt ) (%) Wans (MI/m?) Waiss (MJ/m?)
50-50 3 0.534+0.009 2.47 +0.67 0.524+0.126  0.279£0.063
70-30 3 0.522+0.010 2.65+1.94 1.087+£0.096  0.568 = 0.052
85-15 5 0.449+0.012 1.29+0.47 1.289+0.267 0.580=+0.130

The results showed clear trends:

o Higher recycled content increased damping, indicating greater energy dissipation during loading.
Residual strain remained low across all blends, suggesting that the materials maintained
structural integrity after repeated compression.

e Both energy absorption and energy dissipated (Wabs and Wdiss) decreased with increasing
recycled content, with the decrease most notable in the in 50-50 blend.

Relative to traditional running midsoles, which have a damping coefficient around 0.2, all of the blends
showed lower energy return. The increased damping and energy loss observed in the TPU-recycled-PU
blends may arise from interactions between the TPU matrix and recycled-PU phase, or be attributed to
the incorporation of the polyether-based PU materials into the polyester polyol based TPU blends.
While this behavior may be less optimal for energy-return-focused running applications, higher
damping and energy absorption can be advantageous in footwear applications that prioritize shock
attenuation and comfort over rebound efficiency. For example, typical EVA or TPU cushioning midsoles
typically have a damping coefficient ranging from 0.35-0.55, comparable with what we observed with
our TPU-recycled PU blends. By varying the TPU-recycled-PU ratio, these mechanical responses can
be tuned, enabling control over the balance between comfort and stiffness in midsole design.

These findings demonstrate that recycled PU can serve as a design lever for tuning midsole feel and
responsiveness. The 85:15 blend exhibited the lowest damping and residual strain, making it suitable
for firmer, more responsive midsoles. In contrast, the 50:50 blend offered higher damping and softer
cushioning, which may be desirable for comfort-focused applications.



QOutsole Applications

The external pathway focused on incorporating recycled PU into a previously developed TPU-fiber
composite for high-traction winter outsole applications. In this route, pelletized TPU:recycled-PU blend
feedstock supplied by Vitricycle (Clearwater, Florida, USA) was used as the recycled material source
[12]. Vitricycle provided 50:50 and 70:30 TPU:recyled-PU blend pellets, each available in unmodified
and wax-modified forms. The 85:15 TPU:recyled-PU formulation was prepared in-house by further
blending the 70:30 feedstock with additional aromatic polyester-based TPU pellets, Ultra TPU 85A ES
(Resmart, Fort Worth, Texas).

For the fiber-reinforced outsole composites, chopped carbon fiber (ZOLTEK PX35) and Zylon® fiber
(PBO) were incorporated as reinforcement, consistent with the previously developed traction-focused
composite system. Both fiber types were used in chopped form with a nominal length of 6 mm. The
total fiber loading was 16 wt.%, consisting of 7.5 wt.% carbon fiber and 8.5 wt.% Zylon®, giving a
polymer matrix fraction of 84 wt.%. Because traction in this composite system was governed primarily
by the fiber reinforcement, recycled PU was expected to influence abrasion behavior more strongly than
the primary traction-generating mechanism. This pathway supported applications where rigidity,
durability, and long wear life were essential.

Outsole materials had to withstand abrasion, maintain traction, and preserve structural integrity under
harsh conditions. To evaluate recycled PU in this context, it was incorporated into the TPU-fiber
composite system originally developed to enhance slip resistance on icy surfaces. The outsole materials
were compounded into filament using a Noztek Pro HT single-screw filament extruder at 210 °C. The
prepared filament was then processed by fused-filament fabrication on a LulzBot TAZ 6 Pro printer to
produce cylindrical plug specimens at 100% infill. The printed plugs had a nominal geometry of 17 mm
diameter by 30 mm height and were sectioned into 7 mm thick samples for abrasion, coefficient-of-
friction, and SEM testing. This composite uses soft fibers that protrude slightly from the surface,
interlocking with ice to maintain grip even after wear. Two TPU-recycled PU ratios (85:15 and 70:30)
were tested, each with and without wax additives to assess their influence on processing and wear
behavior.

Abrasion Resistance Index (ARI)

Abrasion resistance was evaluated using a rotating cylindrical drum abrasion tester (DIN Abrasion
Tester, NextGen Material Testing, Canada) following the rotating-drum abrasion method described in
ISO 4649. Abrasion was selected as a primary wear mechanism due to its dominant role in outsole
degradation during repeated sliding encountered in walking and running conditions. Each sample was
mounted in the abrasion tester and abraded against a rotating drum covered with 60-grit sandpaper.
Testing was conducted for 1.5 drum cycles (126 rotations) under an applied normal load of 10 N,
following the manufacturer’s standard operating procedure. Between runs, a paintbrush was used to
remove debris from the sandpaper to maintain consistent abrasion conditions.

Abrasion performance was quantified using the ARI, which compares the wear resistance of the
composite samples relative to a standard rubber reference material as follows

ARI = ((451 * p2) /(48 * P1)) * 100

where AS; is the mass loss of the standard rubber, AS: is the mass loss of the composite sample, and p:
and p: are the densities of the rubber and the composite, respectively.

The ARI results are summarized in Table 4. The 85-15 wax free formulation exhibited the highest
abrasion resistance, with an average ARI value of 101.6 = 5.4%. In contrast, the 70-30 wax free samples
exhibited lower ARI values, averaging 56.9 + 1.8%, representing an approximately 46% reduction in
abrasion resistance. This indicates greater material loss during abrasion and reduced wear durability.



Table 4. Abrasion Resistance Index (ARI) and Coefficient of Friction (COF) results for outsole
application of recycled foam materials

Materials ARI COF
TPU:Recycled Foam (85:15) 82.2+10.5% 0.29
with wax

TPU:Recycled Foam (85:15) 101.6 +5.4% 0.34
without wax

TPU:Recycled Foam (70:30) 48.9 (single replicate) 0.28
with wax

TPU:Recycled Foam (70:30) 56.9 +1.8% 0.28

without wax

100% TPU (Standard Sample) 110% 0.4

Results showed:

e TPU:Recycled Foam (85:15) without wax exhibited the highest ARI among recycled-content
samples, approaching the performance of the standard TPU reference material.

e Wax-containing formulations generally showed lower ARI, suggesting that wax may reduce
matrix cohesion during wear.

e TPU:Recycled Foam (70:30) blends showed reduced abrasion resistance, consistent with higher
recycled content softening the matrix phase.

These trends align with expectations: abrasion resistance is governed primarily by the TPU matrix, and
increasing recycled PU content reduces matrix stiffness leading to decreased abrasion resistance.

Ice Coefficient of Friction (COF)

To compare traction under icy conditions across formulations, COF was measured using a custom ice-
friction testing setup integrated with a universal testing machine (Test Resources Inc., MN, USA). This
was consistent with prior studies on composite footwear outsoles. Composite samples were mounted to
a weighted 3D printed holder designed to simulate the normal force applied during walking. The holder
was suspended by rigid wire to restrict motion to a single horizontal direction. Testing was conducted
on an ice tray formed from deionized water and kept stable using a Peltier cooling plate. Before each
test, the ice surface was smoothed with aluminum foil to prevent frost buildup. A brief dwell time (<1
s) was used before shearing the sample across the surface at 0.3 m/s. A normal force of 22.3 N (112
kPa) was applied during each test. Shear force was recorded continuously, and static COF was
calculated as the ratio of shear to normal force. Five repeated trials were performed per formulation,
and the reported static COF values represent the mean of these measurements.

The results of the COF tests are summarized in Table 4. The 85-15 no-wax formulation exhibited the
highest static COF (0.34), while the addition of wax reduced COF for the same composition (0.29).
This corresponds to an approximate 15% decrease in static COF with wax addition (85-15 no-wax to
85-15 wax). Increasing recycled-PU content also reduced traction, with the 70-30 no-wax formulation
showing a static COF of 0.28. Relative to 85-15 no-wax, this corresponds to an approximate 18%
decrease in static COF with higher recycled-PU content (85-15 to 70-30, no-wax). Values reported
represent the mean of five repeated trials per formulation.

Key observations included:

e COF values remained stable, ranging from 0.28 to 0.34.



Only a modest decrease in traction was observed across the recycled-content formulations. This
confirms the project’s central hypothesis: traction in our patent-pending composite is governed by the
fiber reinforcement, not the matrix. As a result, recycled PU could be incorporated while retaining ice-
traction performance, with only a modest decrease in slip resistance relative to the standard TPU
composite reference.

SEM Wear Analysis

Surface morphology of the composite samples was analyzed before and after abrasion testing using a
JEOL JSM-7200F field emission SEM (JEOL Ltd., Tokyo, Japan). Prior to imaging, samples were
sputter-coated with gold using a Desk V sputter coater (Denton Vacuum, Moorestown, NJ, USA) for 15
seconds to ensure surface conductivity. SEM imaging was performed at an accelerating voltage of 2.0
kV, with magnifications ranging from %37 to x140, to observe fiber dispersion, void formation, and
abrasion-induced surface features. Scanning electron microscopy (SEM) was used to examine worn and
unworn surfaces of the outsole composites.

Figure 9 shows representative SEM images of 85-15 TPU-recycled-PU outsole surfaces after abrasion
(a) and before abrasion (b). The SEM image shows that prior to abrasion; the surface is relatively
uniform with minor voids and limited fiber exposure. After abrasion, the surface becomes more
textured, with localized fiber debonding, pullout, and fracture, increasing fiber exposure. The red circle
in Figure 9 highlights the localized voids in the abraded surfaces (a), consistent with fiber debonding
and pullout. This type of fiber pullout-driven texturing is consistent with prior work on slip-resistant,
fiber-reinforced TPU composites, where pulled-out fibers and increased micro-roughness were shown
to support mechanical interlocking and improved traction on ice. The unabraded surfaces (b) show
limited fiber exposure with occasional protruding fiber ends.

Key observations included:

e Abraded surfaces showed increased texture, with localized fiber debonding and pullout.

e Unabraded surfaces remained smooth, with limited fiber exposure.

¢ Fiber exposure patterns were consistent across recycled content levels, indicating that recycled
PU does not disrupt fiber distribution or anchoring.

These microstructural observations support the mechanical findings: recycled PU influences abrasion
behavior but does not alter the traction generating mechanisms of the composite.

Summary of Applications Testing

The midsole and outsole evaluations demonstrated that mattress derived PU foam can be successfully
integrated into footwear components with distinct performance requirements. Midsole blends allowed
for tunable cushioning behavior, while outsole composites maintained traction and durability even with
recycled content. These results validate the two-pathway recycling strategy and support the feasibility
of using recycled PU in real world footwear applications.

Fig. 9. SEM images of 85-15 TPU-recycled-PU composite outsole surfaces (2.0 kV; x37-x140): (a)
abraded and (b) unabraded. Abraded surfaces show increased texture with localized fiber debonding
and pullout features, while unabraded surfaces appear relatively smooth with limited fiber exposure.



Conclusion

We demonstrated a practical circular-economy pathway for valorizing mattress-derived polyurethane
foam into footwear-relevant materials and prototypes, with two validated routes: TPU-recycled PU
midsole blends and fiber-reinforced TPU-recycled PU outsole composites. For midsoles, TPU-recycled
PU blends were produced across multiple recycled-content levels and tested under cyclic compression
to quantify damping, residual strain, and energy response. The results show that recycled content can
be used as a design lever to tune cushioning behavior. For outsoles, recycled PU was integrated into the
TPU-fiber composite system and processed into printable materials and outsole test plugs. Abrasion and
ice-traction testing confirmed performance trends across recycled-content and wax-modified
conditions, and SEM imaging was used to connect wear behavior to microstructure and fiber exposure.
Overall, the project delivered complete processing workflows and tested midsole and outsole
prototypes. The outcomes support both environmental impact through mattress waste diversion and
technical feasibility for footwear applications, with clear guidance for future scale-up or industry
implementation. Future work will use higher recycled-content outsole formulations for more consistent
printing. Additionally, COF will be tested before and after abrasion.

In conclusion, this project demonstrated practical and scalable approaches for converting
mattress-derived PU foam into footwear-relevant materials. Both recycling pathways produced
components that met performance expectations, and the resulting prototypes show strong potential for
future development with industry partners. The work provides a foundation for continued scale-up,
including higher recycled-content formulations and expanded real-world testing
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