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Abstract

Using a novel, automated robotic phantom system containing multiple wound

simulants, we determined the fluid handling performance of the curea P1

multipurpose dressing vs market-leading comparator superabsorbent and

foam-based dressings (FBDs). Specifically, we measured the retained, residual,

evaporated, and (potentially occurring) spillover fluid shares for high- vs low-

viscosity exudate-simulant test fluids, at 12, 24, and 30 hours postapplication

of the dressings. These experiments were conducted for off-loaded (‘prone’),

non-off-loaded (‘supine’), and vertical (‘side-lying’) simulated body positions.

We found that the multipurpose dressing exhibited the best and most robust

fluid handling performance across all the test configurations, for both the low-

and high-viscosity fluids. The FBD consistently showed the poorest perfor-

mance compared to the other dressings, rendering it unlikely to be able to

manage viscous exudates in ambulant patients (such as when applied to

venous leg ulcers) as effectively as the other dressings. The superabsorbent

dressing performed better than the foam dressing, but its fluid handling met-

rics were inferior to those of the multipurpose dressing. The current compara-

tive quantification of the shares of retained, residual, evaporated, and spillover

fluid, acquired through standardised laboratory tests, should help decision-

makers to select dressings that best meet their patient needs.
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• we measured the retained, residual, evaporated, and spillover fluid shares

• prone, supine, and side-lying postures were tested to consider gravity effects

• the foam-based wound-dressing consistently showed the poorest

performance

• a multipurpose dressing exhibited the best and most robust fluid handling

1 | INTRODUCTION

Pressure ulcers/injuries, diabetic foot ulcers, and venous

leg ulcers (VLUs), altogether known as chronic wounds,

are one of the most common, difficult, complex, and

costly medical problems in both developed and develop-

ing countries.1,2 The burden of chronic wounds is con-

stantly escalating, with the ageing of the population and

the spread of obesity and diabetes fuelling the growth,

and more recently, the Coronavirus disease 2019

(COVID-19) pandemic compromising prevention efforts

in the community. One of the fundamentals of modern

wound care is exudate management, and inducing a

moist (but not wet) wound environment is a well-

establish evidence-based practice to enhance the healing

process.3 In a wound that is not healing as expected, exu-

date production may continue and be excessive due to an

ongoing inflammatory process or the presence of infec-

tion.4,5 Excess exudate amounts should, therefore, be

absorbed and retained in effective wound dressings to

facilitate the repair of tissues.

Wound dressings alter the wound-bed environment

and interact with the wound surfaces to support and pro-

gress the healing.3 Poor absorbency and low retention of

exudate by the applied dressing may delay the healing, or

even exacerbate the wound, mainly due to over-hydration

of the wound-bed and peri-wound skin, leading to macer-

ation.1 Clinically effective wound dressings are, therefore,

required to manage exudates across all the possible sce-

narios, from a normal course of healing and closure to

wound chronicity, through the potential range of exudate

volumes and viscosities in a particular wound over time,

as well as for the variety of the wound aetiologies for

which the dressing is indicated. While multiple dressing

technologies and material types are available in the arse-

nal of contemporary wound care, including hydrocol-

loids, hydrofibres, hydrogels, alginates, superabsorbents,

and the traditional foams (to mention a few), not all

dressing types would meet the above criteria of handling

a wide range of exudate volumes and viscosities.6,7

Among the advanced dressings that are indicated for

moderately to highly exuding wounds are those that con-

tain superabsorbent particles.8,9 Though the majority of

manufacturers of these dressings claim that they prevent

leakage and maceration, there are fundamental

differences in the engineering design and structure of

commercially available superabsorbent dressings (SADs),

leading to a large diversity of performance in their absor-

bency and retention metrics, particularly when the fluid

handling performance of these dressings is challenged by

high-viscosity test fluids that represent thick (and some-

times sticky) exudates.10,11

Recently, a new category of advanced wound dressings

was proposed, to address the aforementioned variety of

expected wound and patient conditions, namely a multi-

purpose dressing (MPD). The curea P1 (manufactured by

curea medical GmbH, Steinfurt, Germany) is such an

MPD, which has a non-sagging air-laid core of natural

fibres in which superabsorbent (sodium polyacrylate) parti-

cles are embedded, to form curea's proprietary SuperCore

technology.10 In addition, this MPD has a non-woven inter-

face layer for soft debridement, laminated edges for preven-

tion of leakage and high durability, and a breathable

backsheet for effective moisture-vapour transmission and

gas exchange, as well as for a bacterial barrier.10 Unlike

standard SADs, this MPD technology was demonstrated to

be able to absorb and retain considerable quantities of

whole blood (representing thick exudates), and overall, its

multipurpose design facilitates management of a particu-

larly wide range of exudate volumes and viscosities.10

This study was aimed to experimentally investigate

and compare the absorbency and retention performance

of this MPD to those of alternative advanced dressings,

particularly dressings that are based upon a super-

absorbent technology or a foam technology, the latter is

traditionally used due to its relatively low cost and avail-

ability, despite that it may not be suitable to handle

highly exuding wounds or viscous exudates, such as for

some of the VLUs. The current laboratory investigations

utilised a novel, robotic wound phantom system, in

which a computerised unit controls multiple identical

exuding wound simulants where the rate of exudation,

the viscosity of the exudate-like fluid, and the orientation

of the wound and tested dressing with respect to the grav-

ity vector can all be controlled and modified. The latter,

wound orientation factor, is particularly important, in

the context of treating the variety of the potential clinical

scenarios that a wound-dressing must be able to handle,

such as non-off-loaded vs off-loaded wounds, and exu-

dates that flow along vs opposed to the direction of the
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gravity vector. These considerations were, therefore, inte-

grated into the tests reported here. This work is also rele-

vant and important in the context of improving the

industry standards for testing the performance of wound

dressings, as existing test standards commonly used by

industry do not consider many of the above factors, as

discussed in Reference 10. Our current experimental sys-

tem and protocol were, therefore, designed with empha-

sis on the clinical relevance of the bioengineering

laboratory testing reported herein, to reproduce as much

as possible of the practical and the real-world scenarios

that may be associated with failure of wound dressings in

clinical practice.

2 | METHODS

2.1 | Robotic phantom system of
multiple cavity wounds for automated
dressing tests

We developed, built, and utilised a versatile robotic phan-

tom system of six open cavity wound replicates, each sim-

ulating an exuding, frustum conically shaped wound (ie,

a crater-like wound). The dimensions of each wound unit

were as follows: radius of the wound opening at the sur-

face (‘skin’ level) R = 2.25 cm, radius of the bottom of

the simulated wound-bed r = 1.1 cm, and maximum

depth of the wound d = 2 cm (Figure 1). At the bottom of

the wound cavity, a wound-bed tissue simulant made of

soft, open-celled, non-reticulated polyurethane foam with

low apparent density of 0.02 g/cm3 was placed (for addi-

tional realism, to simulate a partially or fully necrotic

wound-bed), so that the depth of the cavity space was

reduced to 7 mm (Figures 1 and 2).

All the six (identical) wound units included three

layers of synthetic soft tissue simulants (Figure 1). The

top layer representing the peri-wound skin, which is

termed here as the skin simulant layer (SSL), consisted

of a 3 mm-thick commercial silicone that is commonly

accepted for representing skin in medical and cosmetic

applications (Dragon Skin 20, Smooth-On, Inc., Mac-

ungie, PA, USA). The adipose simulant layer (ASL) was

similarly made of an 8 mm-thick layer of a Dragon Skin

20 mixed with Slacker (Smooth-On, Inc., Macungie,

PA, USA), which lowers the shore hardness of the sili-

cone to approximate that of native adipose tissue, as

recommended by the manufacturer. The underlying

layer representing skeletal muscle, that is, the muscle

simulant layer (MSL), was made of the same silicone

type of the SSL, but at a thickness of 12 mm. According

to the manufacturer's technical datasheets, the tensile

strength and tangent modulus at 100% strain of the

Dragon Skin 20 silicone material (following the rele-

vant testing standard ASTM D412-0612) are 3.8 MPa

and 338 kPa, respectively, which are characteristic to

both human skin and muscle tissues under large tensile

deformations.13-15 The addition of the Slacker compo-

nent to the silicone, to represent the subcutaneous fat

tissue as indicated above, reduced the strength and stiff-

ness of the treated silicone by approximately an order

of magnitude, to the levels of a silicone gel (or paraffin

gel), which is suitable for representing adipose tis-

sue.16-18 The complete structure of each wound unit

was formed by casting the ASL on top of the MSL, and

then layering the SSL onto the ASL, which altogether

resulted in a realistic soft tissue simulant with the ‘look

and feel’ of human tissues.

To simulate the continuous secretion of exudate from

the robotic wounds, a spiral perforated irrigation tube

was incorporated in each wound unit and was helically

tunnelled through the walls of the wound to connect to a

multi-channel electromechanical syringe pump system

(NE-1600, New Era Pump Systems Inc., Farmingdale,

NY, USA) (Figure 1). This syringe pump system provided

precision control over the flow volumes and release rates

of an exudate-substitute fluid, which was delivered into

the simulated wounds. The effective wet surface of each

wound unit, that is, the size of the wall area from which

the exudate-like fluid was released, was 24 cm2 and the

irrigation depth was 1.8 cm. Two safe and reproducible

exudate-substitute fluids were prepared for use with the

robotic wound phantom system, based on a Xanthan

gum thickener, consistent with our published

research.19-21 These exudate-like fluids were produced to

have high vs low-viscosity values, of 0.71 and 0.23 Pa�s,

FIGURE 1 The robotic phantom system including the six

wound replicas (with a close-up view of a single simulated wound)

and the control unit
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FIGURE 2 The wound configurations that were studied in this work (with respect to the direction of the gravity vector): (A) prone,

(B) supine, and (C) Sims' positions where the wound is facing upward, downward, and sideway, respectively. Although the exudate needs to

be transported into the dressing through capillary motion in the prone configuration (A), as opposed to being pushed by gravity for the

supine position (B), in both of these cases, the effective area of the dressing for potential contact with the exudate is the entire wound pad.

Contrarily, for a side-lying (Sims') position, gravity transfers the exudate towards the lower portion of the pad, and hence, not all the wound

pad area can be used for absorption of the wound fluids (C). Accordingly, whether the transport mechanism is capillary action (A) or the

self-weight of the exudate (B) may affect the fluid flow rate into the dressing, but not the effective area of the wound pad for fluid handling,

which is identical for the prone or supine test configurations (D). For the side-lying position, however, only a portion of the wound pad is

effectively in contact with the exudate due to gravity concentrating the fluid at the lower region of the wound (E). We, therefore, consider

the latter test configuration to present the greatest challenge to the dressings under investigation
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respectively; the density was 1.03 g/cc for both fluid

types.

2.2 | Simulated treatments of the robotic
wounds by means of dressings

Three types of wound dressings, with sizes of

10 � 10 cm, produced by different manufacturers were

applied to the robotic wounds for systematically testing

and comparing their fluid management and handling

performance. One product was the curea P1 MPD,10

which was compared against another commercially avail-

able and market-dominant SAD described in Reference

22, as well as to an additional market-leading foam-based

dressing (FBD) as detailed in Reference 23. All these

dressing products were weighed prior to applying them

onto the wound units, and application of the products to

‘treat’ the simulated wounds was performed according to

the manufacturer's instructions for use per each

product type.

The wound units were placed in a custom-made Per-

spex frame, which facilitated convenient and accurate

positioning of the entire set of the simulated wounds at

different orientations with respect to the direction of the

gravity vector, to form different exudate flow regimes

associated with a simulated body position. Accordingly,

the simulated wounds were studied in prone, supine, and

Sims' (side-lying) positions, that is, where the wound

units were facing upwards (Figure 1), downwards, and

sideway, respectively. The tested wound dressings were

correspondingly required to absorb and retain the exu-

date substitutes through capillary motion in the ‘prone’

configuration (Figure 2A); where the fluid was pulled

down into the wound pad by gravity in the ‘supine’ posi-

tion (Figure 2B); and where the exudate-substitute

tended to flow to the lower portion of the wound pad in

each tested dressing and concentrate there for the ‘Sims’

position (Figure 2C). The latter, side-lying test condition,

which also resembles the clinical situation of treating a

VLU in a standing person, was particularly challenging

for the dressing products under investigation, as gravity

drives the fluid to concentrate at the lower part of the

wound pad, thereby limiting the effective wound pad

area for absorption (Figure 2C). For the ‘supine’ condi-

tion, compressive forces were further applied to the supe-

rior surface of the frame; at the top of each wound unit,

for example, to represent the bodyweight forces that

occur in the sacral region for a non-off-loaded pressure

ulcer, and which deform the wound and surrounding soft

tissues, as well as the dressing. These forces, which may

affect the fluid management and handling performance

of dressings applied to non-off-loaded wounds, were

calculated based on human interface pressure mapping

data for the sacral region in a supine position.24 These

interface pressure data indicated that the compressive

force expected at the sacral region is approximately 100 N

(or 10 kg). To determine how the fluid management and

handling performance of each tested dressing type

changes over time, the products were evaluated during

multiple durations of simulated use: 12, 24, and 30 hours,

under a constant flow rate of 2 mL/h (separately for each

exudate fluid viscosity level). All the reported tests were

conducted under climate control, at ambient tempera-

ture, and humidity of approximately 25�C and 50%,

respectively.

2.3 | Absorbency and retention studies

After each simulated use session, the dressings were

weighed again, and the net fluid mass gained in each

dressing due to absorption and retention was calculated.

Any exudate-simulant fluids, which remained in the

wound cavities (ie, the residual fluid), and, likewise, any

fluid spillovers onto the simulated peri-wound environ-

ment, were carefully collected and weighed as well. Next,

the measured fluid masses were converted to volumes, by

dividing the absorbed, residual, and spillover masses by

the fluid density. The total amount of the exudate-like

fluid volume delivered to each wound unit over the time

course of a certain test was then calculated, as the sum of

the retained fluid volume in the dressing plus the resid-

ual and spillover fluid volumes (if any). Furthermore, the

percentage retention of fluid in each dressing specimen

was calculated, based on the ratio of the fluid volume

that was retained in the dressing over the total exudate-

like fluid volume that was delivered to the wound unit by

the syringe pump system throughout the duration of the

test (separately for each wound unit and test condition).

Similarly, the percentages of the residual and spillover

fluid volumes were calculated, by normalising these fluid

volumes with respect to the total fluid volume delivered

to the wound unit throughout the test time. In addition,

the percentage of the evaporated fluid was calculated, as

100% minus the sum of the fluid percentage retained in

the dressing, and the residual and the spillover

(if occurred) fluid shares.

2.4 | Data and statistical analyses of the
fluid management and handling outcome
measures

All the experiments were conducted in replicates of three

and descriptive statistics of means and standard

ORLOV AND GEFEN 5



deviations were calculated for the retained, residual,

spillover, and evaporated fluid volume shares (percent-

ages) per each simulated use duration (12, 24, and

30 hours). From the aforementioned measured fluid vol-

umes, we also calculated an additional dimensionless

parameter, α = ratio of the cavity plus the spillover fluid

volumes over the volume of the fluid retained in the

dressing. This α parameter is an important performance

outcome measure indicating both safety and efficacy, as

it formulates and quantifies the likelihood of a dressing

failure event related to fluid management and handling

in clinical scenarios and settings. That is, a zero α value

is ideal and indicates no pooling of exudate in the wound

cavity, and no occurrence of spillovers. For realistic (non-

zero) α values, the greater the α is, the higher the risk

that these adverse dressing failure events will occur in

real-world scenarios, and thereby, potentially lead to deg-

radation of the wound, maceration of the peri-wound

skin, spread of infection out of the wound site, or any

combination of these.

To identify potential statistically significant differ-

ences across dressing performance outcome measures for

each tested product, analyses of variance (ANOVA)

followed by post-hoc Tukey-Kramer multiple pairwise

comparisons were conducted. Specifically, for each

robotic wound system orientation (ie, prone, supine, or

Sims'), two-way ANOVAs followed by Tukey-Kramer

comparisons were ran for the factors of the usage time

and the dressing type, to determine potential significant

differences in fluid distribution (ie, shares of retained,

residual, spillover, and evaporated fluid), separately for

the low and high-viscosity test fluid conditions. In addi-

tion, 2-way ANOVAs were ran for the α outcome mea-

sure, likewise for the factor of the usage time and

dressing type, per each fluid viscosity level. Finally, for

each fluid viscosity case, a one-way ANOVA for the fac-

tor of the dressing type was performed specifically for the

Sims' configuration at the 30 hours time point (which is

considered here as the test condition and duration impos-

ing the greatest challenge to the fluid management and

handling performance of the dressing products under

investigation, as explained above). A P-value lower than

.05 was considered statistically significant.

3 | RESULTS

For the ‘prone’ position, where the dressings were

completely off-loaded and were placed above the simu-

lated wounds (requiring that fluid transfer into the tested

dressings will be driven purely by capillary action), the

MPD demonstrated an increasing trend of the share of

the retained fluid volume over time, as opposed to the

SAD under investigation, for which the retained fluid vol-

ume share decreased (Figure 3A,B). This observation was

consistent for the two test fluid viscosity levels

(Figure 3A,B). The decrease in the share of the retained

fluid in the SAD was on the account of approximately

1.4-times greater evaporation to the environment (follow-

ing 24 hours), and also, greater residual fluid remaining

in the wound cavities for that SAD with respect to the

MPD, particularly for the longer (24 and 30 hours) test

durations. For example, at the 30-hour time point, the

mean residual fluid share for the MPD was approxi-

mately half the corresponding quantity for the SAD

(Figure 3A,B). The FBD exhibited an increase in the vol-

ume share of the retained fluid over time (similarly to the

MPD), but that was not as consistent across the test fluid

viscosity conditions, with a weaker trend when the more

viscous test fluid was applied to the FBD (Figure 3A,B).

Moreover, the FBD showed limited and statistically sig-

nificantly lower retention than the MPD following

24 hours (P < .05; Figure 3A,B), resulting in approxi-

mately twice to triple the amounts of residual fluid

remaining in the wound cavities compared to the cavity

fluid left when the MPD product was used. The FBD also

clearly failed to handle the viscous test fluid, leading to a

mean spillover share of 14% of the total fluid delivered to

the wound units at the 30 hours time point (Figure 3B).

Even prior to that adverse event, and likely leading to it,

the FBD demonstrated a remarkably inferior capacity to

absorb the viscous fluid with respect to the other dress-

ings, which was manifested as mean residual (cavity)

shares of the fluid that even exceeded the shares of the

retained fluid 2.3-fold and 2.2-fold at the 12 and 24 hour

time points, respectively (Figure 3B), thereby indicating

flow insufficiency into this FBD. Absorbing and retaining

less fluid than the amount of fluid, which pools in the

wound cavity, as evident for the currently tested FBD

dressing, indicates insufficient efficacy in the manage-

ment and handling of viscous fluids (Figure 3B).

For the ‘supine’ position of the wound units, which

involved external forces simulating the bodyweight acting

on the wounds (that potentially affected the retention

capacities of the dressings), but where gravity was the

driving force for pulling the fluid down to the wound

pads, all the tested dressings demonstrated greater shares

of retained fluid with respect to the ‘prone’ test condition

(Figure 3C,D). The fluid management and handling per-

formance of the MPD were again mildly affected by the

viscosity of the test fluid, and after 30 hours of simulated

use, this dressing consistently and statistically signifi-

cantly retained the greatest mean shares of fluid (93%

and 89% for the low- and high-viscosity test fluids, respec-

tively) compared to the other tested dressings (P < .05;

Figure 3C,D). Moreover, no spillovers occurred for the
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MPD despite the push of fluid by gravity into this dress-

ing, and the external compression that has been applied

to challenge the dressing reservoir in this regard. Con-

trarily, the SAD and the FBD failed to prevent spillovers

after 24 hours and later; these spillovers occurred for

both test fluid viscosities, and to a greater extent for the

FBD (Figure 3C,D).

The likelihood of a functional dressing failure pre-

senting itself as pooling of exudate in the wound cavity, or

as spillover of exudate onto the peri-wound skin, or poten-

tially both, is elegantly depicted through comparisons of

the dimensionless α parameter values for the different

dressing types that were investigated here. The FBD

always had the greatest α values, for either the ‘prone’

(Figure 4A,B) or ‘supine’ (Figure 4C,D) positions, as well

as for each test time point and for both test fluid viscosities

(with statistically significant differences against the other

dressings for the viscous test fluid at both postures;

P < .05; Figure 4). This identifies the FBD as being consid-

erably more susceptible to failure via one or both of the

above routes with respect to the other two dressings, par-

ticularly when managing viscous exudates. When com-

pared against each other, the MPD and SAD also exhibited

significantly different performance outcomes, with the α

of the MPD consistently remaining below half the

corresponding values of the SAD at the 30 hours time

point, irrespective of the position or of the exudate viscos-

ity level (a difference, which was statistically significant

for the viscous test fluid regardless of the posture, and for

both the low- and high-viscosity fluids in the supine posi-

tion; P < .05, Figure 4B-D). While no dressing is theoreti-

cally ideal (ie, has α = 0), the MPD emerged as the safest

FIGURE 3 Retention performances of the tested dressings for the prone (off-loaded; A,B) and supine (non-off-loaded; C,D) test

configurations, and for the low (A,C) vs high (B,D) exudate-simulant viscosities, after 12, 24, and 30 hours of simulated use. The error bars

are the standard errors from the mean values of three test repetitions per test configuration and an asterisk indicates a statistically significant

difference in the relevant outcome measure (P < .01). FBD, foam-based dressing; MPD, multipurpose dressings; SAD, superabsorbent

dressing
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and most effective dressing in fluid management and han-

dling among all the tested dressing types (Figures 3 and 4).

As indicated in the methodology section, the ‘Sim's’

(side-lying) position test condition generally introduces the

greatest challenge to the fluid management and handling

performance of wound dressings, as fluid is pulled down by

gravity to concentrate at the lower portion of the wound

pad (Figure 2C,E). This dictates a particular flow regime

that does not allow a dressing to utilise its entire wound

pad area as effectively as if it is placed horizontally on a

wound (either below or above the wound), and typically,

just the lower half of the wound pad (or sometimes less) is

utilised for the wound-dressing fluid transfer (Figure 2C,E).

This situation is typical to multiple clinical scenarios,

importantly including (in addition to the side-lying position

as indicated above) the treatment of VLUs in standing and

ambulatory patients.

Since the results of the ‘prone’ and ‘supine’ studies

reported above revealed that leakage only occurred at the

later (24 and 30 hours) time points, and given that pre-

liminary testing confirmed that absorbency and retention

for the ‘Sim's’ position were indeed lower than for the

‘prone’ and ‘supine’ positions of the wound units (which

resulted from the reduced effective wound pad area for

fluid transfer for the ‘Sim's’ test condition; Figure 2C,E),

we focused on dressing performance at the 30-hour time

point for the ‘Sim's’ trials. Consistent with the previous

results, the FBD demonstrated the poorest performance,

with the lowest retained fluid shares and the highest

spillover shares for both test fluid viscosities. In particu-

lar, for the high-viscosity test fluid, the mean spillover

share of the FBD (64%) was 4-fold greater than its reten-

tion (16%), which indicates total failure of the FBD in

handling the high-viscosity fluid under these vertical flow

test conditions (Figure 5). The MPD and the SAD per-

formed similarly for the low-viscosity fluid, though a

slight spillover was observed for the latter dressing

(Figure 5A), however, differences in performance

FIGURE 4 Ratios of exudate-simulant fluid, which remained in the wound cavity plus any fluid spillovers onto the peri-wound

environment (if applicable, as per the results in Figure 3), over the corresponding volume of the fluid retained in the dressing. These ratios

are plotted for the prone (off-loaded; A,B) and supine (non-off-loaded; C,D) test configurations, and for the low (A,C) vs the high (B,D)

exudate-simulant viscosities, after 12, 24, and 30 hours of simulated use. We note that either pooling of fluid in the wound cavity or

spillovers may be harmful, and, therefore, the smaller the value of this parameter, the better. The error bars are the standard errors from the

mean values of three test repetitions per test configuration and an asterisk indicates a statistically significant difference in the relevant

outcome measure (P < .01). FBD, foam-based dressing; MPD, multipurpose dressings; SAD, superabsorbent dressing
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between these two dressings became remarkable when

both were subjected to the viscous test fluid (Figure 5B).

When tested with the high-viscosity fluid, the MPD still

retained a mean of 78% of the total fluid share whereas,

for the SAD, the mean retention was only 36%. Impor-

tantly, for a viscous exudate-like fluid, the spillover from

the SAD was 1.2-times greater than the share of the

retained fluid, with respect to a negligible (less than 3%)

spillover from the MPD under the same extreme vertical

flow conditions (Figure 5B). At the 30-hour time point,

the retention share for the MPD was notably the most

consistent in handling the high-viscosity exudate across

the different positions, that is, was 75%, 89%, and 78% for

the ‘prone’, ‘supine’, and ‘Sim's’ test configurations,

respectively, whereas for the SAD the corresponding

values were 57%, 81%, and 36%, respectively, pointing to

a substantially larger performance variation depending

on the dressing orientation with respect to the gravity

vector. All the above results associated with the ‘Sim's’

position are well reflected in the α analyses for this test

configuration (Figure 6). The FBD had the greatest α for

FIGURE 5 Retention performances of the tested dressings for

the side-lying (Sims') test configuration and for the low (A) vs the

high (B) exudate-simulant viscosities after 30 hours of simulated

use. The side-lying test configuration is a particularly demanding

challenge for the dressings investigated here, as the dressings are

unable to use the entire wound pad surface for absorption, as

demonstrated in Figure 2. The error bars are the standard errors

from the mean values of three test repetitions per test configuration

and an asterisk indicates a statistically significant difference in the

relevant outcome measure (P < .01). FBD, foam-based dressing;

MPD, multipurpose dressings; SAD, superabsorbent dressing

FIGURE 6 Ratios of exudate-simulant fluid, which remained

in the wound cavity plus any fluid spillovers onto the peri-wound

environment (if existed; Figure 5), over the corresponding volume

of the fluid retained in the dressing for the side-lying (Sims') test

configuration. These ratios are shown for the low (A) vs the high

(B) exudate-simulant viscosities, after 30 hours of simulated use.

The error bars are the standard errors from the mean values of

three test repetitions per test configuration and an asterisk indicates

a statistically significant difference in the relevant outcome

measure (P < .01). FBD, foam-based dressing; MPD, multipurpose

dressings; SAD, superabsorbent dressing
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both fluid viscosity levels, whereas the MPD had the low-

est α values (near-zero for the low-viscosity test fluid).

The SAD exhibited intermediate α values, but those were

still 6-times and 7.6-times greater than the corresponding

α data of the MPD for the low- and high-viscosity levels

of the test fluid, respectively. To summarise, taken

together, the above experimental results indicate that the

FBD technology is unlikely to be able to handle a viscous

exudate in a vertical wound and dressing configuration

(such as when applied to a VLU) as effectively as the

MPD and SAD would perform in such scenarios. Overall,

dressings from different manufacturers also exhibit

remarkably different performance metrics in fluid han-

dling, particularly when tested in interaction with viscous

fluids representing the thicker domain of wound

exudates.

4 | DISCUSSION

The wound exudate plays an essential role in the healing

process, as it forms an aqueous biological environment

for cell proliferation, migration, and differentiation, and

a medium for cell signalling (which is altogether known

as moist wound healing), however, excessive exudate

amounts may cause wound deterioration and peri-wound

maceration.25-28 Managing excess exudate requires effec-

tive wound dressings that continuously absorb and retain

the exudate while maintaining the wound-bed moist, and

that are safe to use throughout the intended treatment

period, during which no backflow, pooling, or spillover

of exudate should occur.19-21,29,30 In this study, we have

used a novel robotic phantom system representing open

exuding wounds to evaluate the fluid absorbency and

retention performances of three distinct dressing types,

MPD, SAD, and FBD, which were tested at different sim-

ulated postures and subjected to off-loaded vs non-off-

loaded conditions, and to low- and high-viscosity

exudate-like fluids.

Among the dressings under investigation, the MPD

demonstrated the most effective fluid handling perfor-

mance across all the test conditions. Specifically, at all

the simulated body positions, and regardless of whether

the dressings were off-loaded or non-off-loaded, or if the

exudate-substitute was of low- or high-viscosity, the

retained fluid volumes were always the greatest for the

MPD at the 30-hours trial endpoint (Figures 3 and 5).

Moreover, no spillovers occurred for the MPD, excluding

a negligible amount of the high-viscosity fluid at the sim-

ulated Sim's position (Figure 5C). In contrast, spillovers

from the FBD occurred in all the tested cases except the

proning with low-viscosity fluid (which was the least

challenging for the absorbency capacity of the dressings

under investigation, as all fluid transfer occurred through

capillary [upward] motion). The earliest spillover events

occurred at the 24-hour time point, for both the SAD and

FBD, and the highest spillover amounts were from the

FBD at the 30-hour endpoint, for all the studied simu-

lated positions.

The α parameter was introduced to quantify the rel-

ative likelihood of a functional dressing failure,

through either fluid pooling in the cavity or spillovers.

Consistent with the results reported above, these ana-

lyses revealed that the FBD always had the greatest α

values, across all the studied positions, at all time

points and for both test fluid viscosities, demonstrating

that the FBD has inferior retention capacity with

respect to the SAD and MPD (Figures 4 and 6). The

SAD performed similarly to the MPD in the ‘prone’

and ‘supine’ tests for the first 24 hours (Figure 4), but

exhibited substantially poorer performance at the

30-hours endpoint, particularly for the high-viscosity

exudate-substitute tests where the α of the SAD were

always statistically significantly greater than those of

the MPD, for all the tested postures (P < .05; Figures 4

and 6). This difference in functional (fluid handling)

performance must relate to the fundamental structural

differences between the studied SAD and MPD dress-

ings. Gefen recently reviewed the structure–function

relations of SADs and classified them into two main

families, namely, dressings with a sandwich core struc-

ture of superabsorbent particles contained between two

covers, which is also called a superabsorbent polymer

(SAP)-sheet core, vs dressings with a core of embedded

SAP grains within a cellulose fluff.10 The currently

investigated SAD belongs to the former, SAP-sheet core

group, whereas the MPD is a member of the latter fam-

ily. The bioengineering theory formulated in the Gefen

article, based on the Darcy equations of fluid motion in

porous media, established that wound dressings with

an SAP-sheet core are likely to perform inferiorly with

respect to dressings having cores of embedded SAP

grains, as the wound-facing cover of the SAP-sheet core

may become a flow-limiting element, particularly

when the dressing is required to handle large amounts

of viscous fluids (the wound-facing aspect of the FBD

may also be a flow-limiting element in this regard).

This subsequently limits the absorbency and retention

performance of SADs with an SAP-sheet core when

handling viscous exudates. The currently reported find-

ings (Figures 4 and 6) provide empirical confirmation

to the Gefen theory concerning the fluid handling per-

formance of SADs, and experimentally confirm the

superiority of the MPD (embedded SAP grains) design

over the SAP-sheet core design of the SAD in managing

viscous exudates.
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As with any experimental work, there are inherent

limitations that should be recognised in the ability to rep-

licate the complex in vivo processes of wound manage-

ment and the seemingly endless number of potential

clinical scenarios in a laboratory setting. One particularly

interesting scenario, which has not been considered in

the current work but should be investigated in future

research is the treatment of VLUs by means of compres-

sion therapy. This article explained the challenging

nature of treating wounds where the dressing is applied

vertically to the ground and parallel to the direction of

the gravity vector (Figure 1C,E). However, we did not

consider a non-off-loaded wound in such configuration,

as would be the case for a dressing applied under com-

pression bandaging, which should create an even greater

challenge to the dressing design, due to the additional

distortion and reduction of the dressing reservoir for fluid

handling by the external compressive forces. The robotic

wound simulants can also be further improved to facili-

tate, for example, continuous pH monitoring or the

growth of microbiomes representing different infected

wound aetiologies. It should also be noted that the exper-

imental protocol in the current work is conservative with

respect to the clinical demands from wound dressings in

the real-world, as we had tested the dressing perfor-

mances for periods of up to 30 hours, whereas dressings

applied to (non-infected) open wounds are typically rep-

laced every 3-5 days.31

In closure, we found that the MPD exhibited the best

and most robust fluid handling performance across all

the test configurations, and for both the low- and high-

viscosity test fluids. The FBD consistently showed the

poorest performance, and, in particular, is unlikely to be

able to handle a viscous exudate in a vertical wound and

dressing configuration (such as in the current ‘side-lying’

position or when applied to a VLU of ambulatory

patients) as effectively as the other dressing technologies.

The SAD performed better than the FBD, but its fluid

handling metrics were overall inferior with respect to

those of the MPD. Finally, the fluid management and

handling performance metrics of wound dressings are

technology-specific and product-specific, and depend on

the material composition, structure, and manufacturing

method of the brand. The comparative quantification of

the shares of retained, residual, evaporated and spillover

fluid, acquired through standardised laboratory testing,

as reported here, should help clinical and non-clinical

decision-makers to select wound dressings that best meet

their patient needs.
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