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Abstract

We designed, developed, built, and utilised a robotic system of a leg with two

venous leg ulcers for testing the fluid handling performance of three wound

dressing types. The results showed that a foam-based dressing technology is

inferior in fluid handling performance when applied to an exuding venous leg

ulcer, such that the dressing needs to manage the exudate in a vertical configu-

ration with respect to the ground, that is, so that gravity pulls the exudate to

concentrate in a small region at the bottom of the dressing. Moreover, wound

dressings containing superabsorbent polymers do not necessarily function

equally in fluid handling for venous leg ulcer scenarios, as the extreme require-

ments from the dressing (to manage the viscous fluid of a vertical and typically

highly-exuding wound) appear to distinguish between optimal and suboptimal

product performances despite that the tested products contain a superabsor-

bent, theoretically lumping them together to belong to a so-called ‘superabsor-
bent dressing category’. In other words, it is a false premise to categorise

products from different manufacturers into families based on material con-

tents, and then assume that their laboratory or clinical performance is equal,

so that from this point they can be judged solely on the basis of price.
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Key Messages
• a robotic leg with venous ulcers was built for dressing fluid handling tests
• a foam-based dressing technology is inferior in this clinical scenario
• different superabsorbent dressing products do not function equally
• the robotic leg technology is able to distinguish between product performance
• it is flawed to categorise dressing products based solely on their materials

Abbreviations: ANOVA, analyses of variance; FBD, foam-based dressing; MPD, multipurpose dressing; SAD, superabsorbent dressing; SWF,
simulated wound fluid; VLUs, venous leg ulcers.
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1 | INTRODUCTION

Venous leg ulcers (VLUs) caused by chronic venous
insufficiency are a common wound type accounting for
approximately 70% of all chronic leg ulcers, and resulting
in significant and prolonged disability, poor quality of life
and substantial socioeconomic burden.1-3 The mainstay
of VLU treatment includes the use of compression ther-
apy to apply external pressure to the legs, with the aim of
improving venous function, in combination with
advanced wound dressings for exudate management.
Multilayer compression therapy, incorporating padding
under elastic bandages, is currently considered the gold
standard for treating VLUs.4-6 A dressing applied to treat
a VLU under the compression bandaging must provide
effective fluid handling to maintain the wound-bed moist
but not wet at all times; poor absorbency and retention
performance of the dressing and/or exudate leakage may
cause maceration of wound and peri-wound tissues,
which delays the wound healing or even deteriorates the
wound condition.7,8 As VLUs may be heavily draining on
the one hand, and the dressing is compressed and
squeezed under the compression bandaging so cannot
necessarily use its entire exudate storage capacity on the
other hand, selection of an appropriate dressing technol-
ogy and product is critical for achieving positive clinical
outcomes for VLUs. Multiple dressing choices exist, but
even for those dressings recommended for use on VLUs
under compression bandaging, no clinically relevant lab-
oratory test data were reported. Recently, a series of
robotic wound simulator test systems, replicating differ-
ent chronic wound aetiologies, was developed by the
research group of the senior author to serve as advanced,
clinically relevant testing systems for wound care prod-
ucts.9-15 This work features our latest robotic wound sys-
tem, of VLUs, which we previously suggested that is the
most challenging configuration for dressings in a fluid
handling aspect.10 This is because, in addition to the high
exudation of typically viscous wound fluids, and the sus-
tained compression of the dressing, the VLU and dressing
are vertical to the ground during upright or sitting pos-
tures, resulting in pulling of the wound fluid downwards
by gravity. The exudate therefore concentrates in the
lower dressing part, that is, characteristically, for VLUs,
the fluid retention capacity of the dressing is only par-
tially utilised.

We therefore used our novel VLU robotic system to
evaluate the fluid handling performance of different
dressing materials and structures, to understand which
dressing technologies better suit VLU treatment with
compression therapy. We consider the current method
and metrics to be of vital importance towards develop-
ment of better testing standards for wound dressings

indicated for treating VLUs in combination with com-
pression bandaging given the clinical relevance of the
current innovative ‘robotic VLU’ study approach.

2 | METHODS

2.1 | Robotic phantom system of VLUs
for automated testing of wound dressings

We designed, developed, built, and utilised a versatile
robotic phantom system of a leg with one medial and one
lateral VLUs; these robotic leg systems were produced in
a triplicate (Figure 1). The VLU simulator units included
in each robotic leg (Figure 1) were all identical, and sim-
ulated highly exuding, elliptically shaped wounds, at a
maximum depth of 1.5 mm (other wound and VLU unit
dimensions are detailed in Figure 1B).

Each VLU unit contained three layers of synthetic
soft tissue simulants (Figure 1B), as follows. Externally,
the peri-wound was represented by a 2 mm-thick skin
simulant layer (SSL) made of commercial silicone that is
commonly accepted for representing skin in medical and
cosmetic applications (Dragon Skin 20, Smooth-On, Inc.,
Macungie, Pennsylvania). Subdermal fat was represented
by an adipose simulant layer (ASL), similarly made of a
4 mm-thick layer of a Dragon Skin 20 mixed with Slacker
(Smooth-On, Inc.) which lowers the Shore hardness of
the silicone to approximate that of native adipose tissue,
as recommended by the manufacturer. The innermost
layer was a skeletal muscle simulant layer (MSL), made
of the same silicone type of the SSL, but at a thickness of
3 mm. According to the manufacturer's technical data-
sheets, the tensile strength and tangent modulus at 100%
strain of the Dragon Skin 20 silicone material (following
the relevant American Society for Testing and Materials
(ASTM) international testing standard ASTM D412-0616)
are 3.8 MPa and 338 kPa, respectively, which are charac-
teristic to human skin and skeletal muscle tissues sub-
jected to large deformations.17-19 The addition of the
Slacker to the silicone reduces both the strength and stiff-
ness of the treated silicone by an order of magnitude,
yielding a material suitable for representing adipose tis-
sue with properties similar to silicone gel or paraffin
gel.15,20,21 The assembly forming each VLU simulator
unit was formed by moulding the ASL onto the SSL, and
then similarly layering the MSL onto the ASL, which
altogether provided the ‘look and feel’ of a real-
world VLU.

To simulate continuous exudate secretion from the
VLU simulator units, a perforated irrigation tube was
incorporated in each wound unit, and each such irriga-
tion tube was connected to a multi-channel
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electromechanical syringe pump system (NE-1600, New
Era Pump Systems Inc., Farmingdale, New York)
(Figure 1A), to provide precision control over the flow
volumes and release rates of an exudate-substitute fluid.
The effective wet surface of each VLU simulator unit
(i.e., the area of the ‘wound-bed’ from which the
exudate-like fluid was released) was 10.5 cm2. A xanthan
gum-based simulant wound fluid (SWF) described in
detail in our published work,9-13,15 with density of 1.03 g/
cc and viscosity of 0.71 Pa � s was used with the robotic
leg systems throughout all the experiments reported here.

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

Three types of wound dressings with sizes of 10 � 20 cm,
each produced by a different manufacturer, were applied
to the robotic legs with VLU simulators for systematically

testing and quantitatively comparing their fluid handling
performance. Specifically, the Curea P1 (Curea medical
GmbH, Steinfurt, Germany) multipurpose dressing
(MPD) was compared against a market-popular superab-
sorbent dressing (SAD) indicated specifically for use on
moderate to highly-exuding VLUs and under compres-
sion therapy; and also, against a foam-based dressing
(FBD) type indicated for application on moderately
exuding wounds. Of note, use of FBDs for treating
highly-exuding VLUs in clinical practice is generally
debated in the literature, with a recent trend to prefer a
superabsorbent technology (which locks-in the wound
fluids under compression therapy) for this particular
wound aetiology.22-24 However, for scientific complete-
ness, and given that many clinicians still use FBDs on
VLUs under compression bandaging (as indicated in the
aforementioned 2021-2022 citations), we decided to
include an FBD here to compare and contrast its fluid
handling performance against those of the other,

FIGURE 1 The robotic phantom system of venous leg ulcers (VLUs) (A): Experiments were conducted in three identical leg units, each

including one lateral and one medial VLU at identical locations, shapes and sizes per anatomical position (upper frame). The setup consisted

of: (1) Computer-controlled syringe pump (the control panel of the LabView code developed for these robotic wound systems, showing the

sensor readings in real-time, is magnified in the bottom left frame); (2) Robotic wound systems (three identical leg units). (3) VLU simulator

(magnified in the bottom right frame); (4) Thermometer; and (5) Infrared heating lamp for temperature control. The geometry of the VLU

simulator (B) with its soft tissue simulant components. Dimensions A and B are halves of the length and width of the whole elliptically

shaped VLU simulator unit, respectively, and likewise, dimensions a and b are halves of the length and width of the elliptically shaped

wound-bed part of the VLU simulator, respectively
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superabsorbent-polymer-based dressing types in this
specific VLU treatment scenario.

All dressing products were first weighed in their ‘out-
of-the-package’ dry state, and then applied onto the VLU
simulator units as per the product-specific manufacturer's
instructions for use (IFU). Next, a two-layer compression
therapy kit (CoFlex TLC LS, Milliken Healthcare Prod-
ucts, LLC, Ladson, South Carolina), designed to induce
standard compression pressure of 30 to 40 mm Hg, was
applied on the legs with VLUs, again according to the
corresponding IFU provided by the manufacturer. The
robotic legs were then placed in an upright standing posi-
tion (Figure 1A) for the entire testing duration, which
was 12, 18 or 24 hours. The surface temperature of the
robotic legs was controlled and maintained within the
31�C to 33�C interval throughout all the experiments,
corresponding to the real-world VLU temperature
range.25 The compression pressure applied de facto by
the compression bandage was measured using thin and
flexible resistive force sensors (Force Sensing Resistor
model UX 402, Interlink Electronics, Inc., California)
placed on the ‘peri-wound skin’ 2.5 cm from the edge of
the VLU ‘wound-bed’, and connected to a microcontrol-
ler board (Arduino-mega 2560, Ivrea, Italy). In addition,
the pressure applied by a dressing on the ‘wound-bed’ of
the VLU, as the dressing gradually swells whilst absorb-
ing the SWF, was sampled and recorded every 5 minutes
using a pressure sensor (model XGZP6847A, CFSensor,
Wuhu, China) installed within each ‘wound-bed’ of a
VLU simulator unit (Figure 1A; bottom right frame).

2.3 | Absorbency and retention studies

At the end of each simulated use session, the dressings
were removed and reweighed, and the net fluid mass pre-
sent in each dressing was calculated. Any SWF which
remained in the VLU simulator cavities, named herein
the residual fluid, was collected and weighed; likewise,
any spillover fluid (if such existed) was carefully collected
from a bottom tray and weighed as well. Next, these mea-
sured fluid masses were converted to volumes, by divid-
ing the absorbed, residual and spillover SWF masses by
the fluid density. The total SWF volume delivered to each
VLU simulator unit over the time course of each test was
then calculated, as the sum of the retained fluid volume
in the dressing plus the residual and spillover fluid vol-
umes (if any). Then, the percentage retention of SWF in
each dressing specimen was calculated, based on the
ratio of the fluid volume that was retained in the tested
dressing over the total fluid volume that was delivered to
the corresponding VLU simulator unit throughout the
duration of the test (separately for each VLU simulator

unit and test condition). The percentages of the residual
and spillover SWF volumes were similarly calculated.
Last, the percentage of the evaporated SWF was calcu-
lated, as 100% minus the sum of the fluid percentage
retained in the dressing, and the residual and the spill-
over (if occurred) SWF shares.

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

All experiments for a given dressing type were conducted
in the leg triplicate system and descriptive statistics were
calculated for the percentage retained, residual, spillover
and evaporated SWF volume shares per each simulated
use duration (i.e., 12, 18 and 24 hours). To identify poten-
tial statistically significant differences in these fluid han-
dling metrics across the tested dressing types, analyses of
variance (ANOVA) followed by post hoc Tukey-Kramer
multiple pairwise comparisons were conducted, and a P-
value lower than .05 was considered statistically signifi-
cant. In addition, the measured ‘wound-bed’ pressures
were plotted over time, separately for the medial and lat-
eral VLU simulator units.

3 | RESULTS

The MPD exhibited the highest shares of retained SWF
(which were steady and approximately 80%) amongst the
tested dressing types, for both the medial and lateral
VLUs, and for each trial duration (Figure 2). For exam-
ple, following the longest, 24 hours simulated use trials,
the MPD retained 1.3-times and 1.1-times more SWF
than the SAD, and 1.4-times and 1.5-times more than the
FBD, for the medial and lateral simulated VLUs, respec-
tively (Figure 2). The SAD and FBD dressings lost
approximately twice the amount of SWF through evapo-
ration to the environment with respect to the MPD per
each trial duration. Use of the FBD was also associated
with increased cavity fluid shares, which became more
profound with the duration of the trials (Figure 2). Specif-
ically, after 24 hours, the cavity fluid was 5-fold greater,
on average, for the FBD than for the MPD and SAD (for
which the share of cavity fluid was similar and under
2%). Importantly, for both the medial and lateral VLUs,
the MPD exhibited the most consistent and stable reten-
tion across the 12, 18 and 24 hour time point (Figure 2).
The SAD demonstrated more variability but overall, the
share of the retained SWF tended to increase
(as demonstrated in Figure 2B), whereas the FBD clearly
(and statistically significantly; Figure 2A) lost fluid reten-
tion capacity over time (Figure 2). The FBD also failed to
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handle the SWF at the lateral VLU, leading to a spillover
fluid share of 4% of the total delivered SWF volume at
the 24 hour time point (Figure 2B). Statistically signifi-
cant differences in fluid share distributions existed
between the MPD and SAD dressings at the 18 and
24 hour time point, indicating that these dressing types
are not equivalent in their fluid handling performance
(as detailed above) despite that both types contain a
superabsorbent polymer (Figure 2).

The pressure sensor data consistently demonstrated
that the FBD swells the least, and accordingly, applied
the lowest pressure on the peri-wound, between 5 and
10 mm Hg, whereas the MPD and SAD dressings, which
swell more (due to the superabsorbent polymer contents),
applied 10 to 20 mm Hg on the ‘peri-wound skin’

(Figure 3). These pressures tended to rise more rapidly
until approximately 6 to 9 hours from the time of applica-
tion of the dressings, and then stabilise, hence, the pres-
sure rise behaviour at the ‘peri-wound’ is non-linear with
respect to time (Figure 3). The pressure growth curves of
the MPD and SAD were generally more variable than
those of the FBD (Figure 3).

4 | DISCUSSION

It is well established that excess wound exudate not
appropriately managed by a dressing can deteriorate a
wound and cause maceration of the peri-wound skin,26-29

hence, exudate beyond the level required to keep a

FIGURE 2 Retention performance

of the tested wound dressing types for

the medial (A) and lateral

(B) anatomical positions of the venous

leg ulcer (VLU) simulators, after

12, 18 and 24 hours of simulated use.

The error bars are the SDs from the

mean values of three test repetitions per

VLU simulator location and test

configuration, and an asterisk indicates

a statistically significant difference in

the relevant outcome measure

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

MPD, multipurpose dressing; SAD,

superabsorbent dressing
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wound moist should be continuously absorbed and
retained by the applied dressing, and exudate spillover
episodes should not occur.9-13,15 Amongst the common
chronic wound aetiologies, VLUs are likely the most
challenging from a wound dressing fluid handling perfor-
mance perspective, because, as recently explained by
Orlov and Gefen,10 the wound surface is approximately
vertical to the ground, and so is the applied dressing,
such that gravity pulls the wound fluid downwards to the
lower part of the dressing, where it accumulates, as
opposed to a horizontally oriented wound and dressing
where the fluid is spread on the entire wound pad surface
of the dressing. In addition, VLUs are known to often
exude heavily and the exudate may be highly viscous,

and the underlying chronic venous insufficiency is trea-
ted by compression therapy to increase the venous and
lymphatic return (which deforms the dressing in sus-
tained compression), all of which challenge the dressing
capacity to handle the fluids even further. In view of the
above, we developed the current robotic phantom system
of a leg with VLUs to test wound dressings in an objec-
tive, standardised, but clinically relevant manner, and in
a form that allows acquisition of quantitative perfor-
mance metrics, specifically, the retained, residual, evapo-
rated and (potentially) spillover fluid shares, as function
of the simulated use time. This laboratory testing system
goes above and beyond any existing testing standards for
wound dressings in terms of the clinical relevance of the

FIGURE 3 Pressure sensor

data measured in the simulated

wound-bed region (shown in

Figure 1; bottom right frame)

for the tested wound dressings

at the medial (A) and lateral

(B) anatomical positions of the

venous leg ulcer (VLU)

simulators, after 12, 18 and

24 hours of simulated use. The

shades are the SDs from the

mean values of the three test

repetitions per VLU simulator

location and test configuration.

FBD, foam-based dressing;

MPD, multipurpose dressing;

SAD, superabsorbent dressing
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test. The specific characteristics of the challenge, as
explained above, makes this test method sensitive for
identifying differences between product performances
(as indeed demonstrated here) whilst providing the
robustness and reproducibility of an advanced bioengi-
neering laboratory approach, as further indicated in the
relatively small variabilities of the measured test out-
comes for a certain product and given test conditions
(Figure 2).

Amongst the dressing technologies which were inves-
tigated here, the MPD demonstrated the most effective
and consistent fluid handling performance for the studied
VLU clinical scenario. Regardless of the specific dressing
location (medial or lateral) and simulated use time
(12-24 hours), the retained SWF was always the greatest
in the MPDs and no spillover events were recorded for
this dressing type (Figure 2). The SAD and FBD demon-
strated greater evaporation of the SWF to the environ-
ment with respect to the MPD, but less retention,
particularly for the 18 and 24 hour durations, and for the
trials lasting 24 hours, there was spillover from the FBD.
Of note, the SAD dressing tested here is indicated specifi-
cally for use on moderate to highly-exuding VLUs and
under compression therapy, whereas the FBD is indi-
cated for application on moderately exuding wounds, and
there is no manufacturer recommendation to use it on
VLUs. With that said, as clinicians may consider an FBD
for the treatment of VLUs, it was important to include
this dressing type in the testing protocol, for complete-
ness and comprehensiveness. Overall, the differences in
fluid handling performance specified in Figure 2, and in
particular, between the MPD and SAD, must relate to the
product-specific material composition and structural dif-
ferences between the studied dressing types, as both the
MPD and SAD contain superabsorbent polymers.10

As with regards to any experimental laboratory sys-
tem, our current test configuration and trials had limita-
tions which should be discussed here. For example, we
included two (medial and lateral) relatively localised
VLUs in each robotic leg, each at a size of approximately
12 cm2, but so-called ‘complex’ VLUs may have sizes
exceeding 100 cm2 and such wounds sometime occupy
most of the lower leg surface.1 Our robotic system like-
wise does not represent leg ulcers with mixed aetiology,
legs with partial amputations, or legs of paediatric
patients with VLUs which is a less frequent but existing
pathology, associated with, for example, congenital or
genetic syndromes, sickle cell disease, prolidase defi-
ciency, scleroderma, or vasculopathies, to mention a few
relevant conditions.30 The SWF used in this study can
also be improved further and be made more specific to
representing VLUs, for instance, as related to the fluid
surface tension if relevant experimental data become

available for human VLU exudates. Motion of the robotic
leg can be further included, as opposed to simulating
only static standing, by incorporating a moving or vibrat-
ing surface under the foot of the robotic leg in future
work. Moreover, specific activity profiles can be simu-
lated to represent the daily behaviour of patients, such as
alternating between static standing, motion and a hori-
zontal position, for example, as seen when leg elevation
is implemented. Further modifications of the robotic legs
can include the thigh and pelvis, as frequently, when
these patients elevate their legs to a resting position there
is hip flexion that may impede the lymphatic return.31

Last, infected VLUs can be simulated by culturing
colour-coded unharmful (e.g., yogurt) bacteria in the
SWF, and then quantifying their presence in the tested
dressings and surroundings of the VLU simulator units.
Another potential limitation is that in the robotic leg sys-
tem, the SWF is delivered from an external fluid reser-
voir, and hence, fluids are added to the leg-dressing two-
compartment system, whereas in real life, the fluids origi-
nate from the oedematous wound/peri-wound tissues
and are absorbed and retained in the dressing, that is,
transferred (internally) from the leg to the dressing com-
partments. Accordingly, it would be interesting to con-
duct studies incorporating soft, flexible pressure sensors
at the peri-wound skin-dressing interface of patients with
VLUs, to determine whether the same extent of skin pres-
sure increase under the dressings as reported in Figure 3
occurs in the real-world, and what is its potential effect
(if any) on the perfusion of the peri-wound.

To conclude, we found that a FBD technology is infe-
rior in fluid handling performance when applied to an
exuding VLU under compression therapy, such that the
(compressed) dressing needs to manage the exudate in a
vertical configuration with respect to the ground (i.e., so
that the gravity vector pulls the wound fluids to concen-
trate in a small region at the bottom of the vertically-
oriented dressing). Moreover, different wound dressing
brands containing superabsorbent polymers do not neces-
sarily function equally in fluid handling for VLU scenar-
ios, as the extreme requirements from the dressing
(to manage the viscous fluid of a vertical and typically
highly-exuding wound) appear to distinguish between
optimal and suboptimal performance of different dressing
products, despite that the tested products contain super-
absorbent elements, theoretically lumping them together
to belong to a so-called ‘superabsorbent dressing cate-
gory’. In other words, it is a false premise to categorise
products from different manufacturers into families that
are based, for example, on material contents, and then
assume that their laboratory (or clinical) performance is
equal, so that from this point they can be judged solely
on the basis of price. This underpins the responsibility of

1390 ORLOV AND GEFEN



clinicians and other decision-makers in health care sys-
tems to request product-specific, clinically relevant per-
formance evaluations from wound dressing
manufacturers, and ensure that the information received
represent the specific clinical scenarios for the intended
use of the dressing product under consideration, in their
facility.
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