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Compression therapy has long been a standard treatment for hypertrophic scar prevention. However,
due to the lack of objective, quantitative assessments, and measurements of scar severity, as well as
the lack of a self-operated, controllable, and precise pressure delivery technique, limited concrete evi-
dence exists, demonstrating compression therapy’s efficacy. We have designed and built an automatic
pressure delivery system to apply and maintain constant pressure on scar tissue in an animal model.
A force sensor positioned on a compression plate reads the imposed force in real-time and sends the
information to a feedback system controlling two position actuators. The actuators move accordingly
to maintain a preset value of pressure onto the skin. The system was used in an in vivo model of
compression therapy on hypertrophic scars. It was shown that the system was capable of delivering a
constant pressure of 30 mmHg on scar wounds for a period of two weeks, and that phenotypic changes
were seen in the wounds. C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4904842]

I. INTRODUCTION

Applying controlled and precise mechanical pressure on
cutaneous tissue is challenging, particularly in studies exam-
ining pressure ulcer formation, venous leg ulcer, and scar
treatment. Several groups have introduced controlled pressure
delivery instrumentation and techniques mostly for research
purposes.1–10 Efficiency of a pressure delivery system critically
depends on physical structure, size, surface texture, motion,
and elastic properties of the target organ.

Different techniques have been introduced to improve scar
quality. Both non-surgical and surgical procedures have been
considered to control scar formation effectively. Silicon dress-
ing, compression therapy, and radiation therapy are known
as the major non-surgical techniques. Compression therapy
is one of the most common treatments for hypertrophic scar
(HTS) prevention. It is thought that applied pressure creates an
ischemic condition with a reduction of blood perfusion within
the target tissue. As a result, hypoxia occurs at the tissue level,
and this leads to lowering of the rate of collagen production in
the injured site, limiting scar formation.2–5,7

Compression therapy is routinely performed using ban-
dages, stockings, or pneumatic compression devices. Either
deficient or excessive pressure can cause inefficient results or
tissue damage for patients, which is why it is important to

a)Author to whom correspondence should be addressed. Electronic mail:
jramella@fiu.edu

be able to deliver consistent and appropriate levels of pres-
sure to injured tissue. Several studies on the width, tension,
and number of layers of bandage and also characteristics of
pressure garments have been done by sensor placement and
measuring the imposed pressure.8–17 Cheng et al. looked at
the correlation of clinical response of compression therapy
with magnitude of pressure for post-burn hypertrophic scar
treatment.8 They used an electro-pneumatic sensor with the
working range of 0–50 mmHg to record garment-scar interface
pressure. Several recommendations on an effective compres-
sion therapy procedure were made. Other groups also utilized
different pneumatic pressure sensors to study scar compression
therapy.9–12 A commercial Oxford Pressure Monitor based on
pneumatic electrodes was used to measure under garment pres-
sure over soft tissue areas of different body locations.9 Perfor-
mance of different models of pressure garments for various
body organs was analyzed. Variability of applied pressure
is related to the shape and size of organ, technique of the
bandager, and elastic properties of the bandaging material.
Barbenel et al. used a pneumatic pressure sensor with a piezo-
resistive transducer with a good linearity and negligible hyster-
esis in the working range of 0–37.5 mmHg.10 Reproducibility
of induced pressure by different types of commercial pressure
garments used in post-burn scar treatment was also analyzed
using a pneumatic sensor.12 Non-pneumatic techniques were
also considered for scar compression therapy evaluation. Giele
et al. used an invasive technique to measure subdermal cuta-
neous pressure directly.13,14 For this purpose, they utilized a
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FIG. 1. APDS design.

needle connected to a continuous low flow pressure transducer,
which is routinely used to monitor venous blood pressure.
By inserting the needle subdermally, the resting subdermal
pressure and the pressure post-garment fitting were obtained.
Mann et al.15 introduced a pressure sensing tool named Iscan.
This device consisted of multiple resistive sensors printed onto
a thin plastic film substrate and used to demonstrate a compar-
ison between different garment types. Another form of force
sensitive resistor (FlexiForce) was applied for similar appli-
cations.16 FlexiForce contains an ink-sensitive layer and a sil-
ver layer printed on polyester film. A commercially available
pressure monitoring system (Pliance X), including a capacitive
transducer with good reliability and linearity, was also used to
record scar-garment pressure.17

While hypertrophic scars are still commonly treated with
pressure, there remains only scant molecular and cellular evi-
dence of the efficacy of the treatment, and further, the signif-
icant question remains of what the true levels of pressure
delivered by therapeutic garments are on mobile active pa-
tients. In order to provide appropriate therapies and assess
their effectiveness, the first step must be to deliver consistent
measureable levels of pressure.

The development of a precise automatic pressure deliv-
ery system (APDS) for HTS treatment was the focus of this
study. A wound model of a human hypertrophic scar was
employed to conduct an in vivo means for evaluation of the
proposed treatment device. Building a highly compatible pres-
sure delivery system to be applied on an animal scar model
was the most challenging part of this study as the pressure
delivery system had to withstand considerable forces in non-
sterile environmental conditions while the animals were awake
over the course of a 2-week treatment. The APDS had to be
versatile and resistant to the animals’ behavioral tendencies.

Our goal was to be able to monitor and adjust the pressure
onto the animal skin continuously, to compensate for scar
growth, surrounding skin relaxation, and possibly dramatic
animal movement. The device was tested on two animals, and
its function was monitored remotely by establishing a wireless
communication route between each device and a monitoring
station. In the present study, a pressure level of 30 mmHg was
chosen for treatment based on the reported values used for
hypertrophic scar treatment, clinically.2

II. MATERIALS AND METHODS

A. APDS

The APDS consisted of a polycarbonate enclosure that
contained both controlling hardware and mechanical actua-
tors. The choice of polycarbonate was made due to its low den-
sity, machining ease, and strength. The total box encumbrance
was 7.6 cm × 7.6 cm × 7.6 cm (L ×W ×H). Two micro-linear
actuators (Firgelli Technologies, Inc., Victoria BC, CA) were
fixed to the two opposite corners of the enclosure, and their
shaft’s ends were connected to a polycarbonate plate (7.6 cm
× 7.6 cm). A design with four actuators and ultimate realiza-
tion with two are shown in Figures 1 and 2.

A polycarbonate base frame (12.7 cm × 12.7 cm) was
also created to easily connect and remove the box from the
animal (Figure 3). This relatively large base frame provides
a contact area to stabilize APDS-animal implementation. The
base frame is equipped with several holes for both box connec-
tion and suturing purposes. The actuators were tasked to push
or pull loads along their full stroke length (3 cm). The speed
of travel of actuators was determined by their gearing and the
opposing load; without any load, a speed of 5 mm/s could be

FIG. 2. APDS final prototype.
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FIG. 3. Side view of APDS-base frame positioning.

achieved with positional accuracy of 0.2 mm. When powered
off, the actuators remained in place unless an applied load
exceeded their back-drive force (150 N).

A continuous local pressure measurement was obtained
using a force sensitive resistor (FSR) (Interlink Electronics,
Camarillo, CA). A FSR shows a decrease in resistance with
increase in force applied to the surface of the sensor. An ultra
thin sensor (0.45 mm of thickness) with the actuation force as
low as 0.1 N and working range up to 100 N was used for each
APDS. For a simple force-to-voltage conversion, a voltage
divider was also included in the design configuration (10 kΩ
resistor shown in Figure 4). The control of actuators, sensor
reading, and communication to the monitoring station were
conducted with an Arduino controlling board (Arduino UNO,
Italy). This microcontroller board is based on ATmega328
and has 14 digital input/output pins, 6 analog inputs each of
which provide 10 bits of resolution, a USB connection, and a
power jack. Six of the digital pins can be used as 8-bit Pulse-
Width Modulation (PWM) outputs. The Arduino board was
positioned vertically within the box, and it was fixed to the
enclosure through a support (Figure 1). The board utilizes an
open source physical computing platform based on a simple
development environment. The FSR was connected to the
microcontroller board through one of its six analog inputs, and
six of the 14 digital outputs were used to control the actuators
(two to power actuators, two to control power switches, and
two PWM outputs for actuators positioning) (Figure 4).

FIG. 4. Circuit diagram schematic of APDS.

FIG. 5. Wireless communication diagram.

A wireless communication device (XBee 2.4 GHz RF
modem, Digi International, Inc., Minnetonka, MN) was ulti-
mately used to relay values to a remote computer interface.
The XBee unit was connected to the microcontroller board
and secured within the APDS enclosure to avoid animal inter-
ference. A single XBee modem was then connected to the
monitoring computer, which was paired with all of the APDS’s
XBee units (two units here) and remotely logged the pressure
data along with the actuators position. An identifying flag was
allocated to the data packet of each APDS, which enabled
proper clustering of the data stream at the monitoring end point
(Figure 5).

The study required a continuous APDS operation for a
period of one week. For this reason, energy consumption by
all the APDS elements had to be accounted. The microcon-
troller board consumes 25 mA h at normal operation. Also,
two linear actuators consume between 100 and 170 mA h
based on the imposing force. In addition, each APDS utilizes
a wireless communication module XBee, which can consume
up to 50 mA in TX/RX mode. To reduce power consumption,
the microcontroller was put in sleep mode between logging
intervals, and this reduced the microcontroller consumption to
0.05 mA h; furthermore, a MOSFET power switch (Wishay,
Shelton, CT) was used to turn each actuator off between log-
ging intervals, and finally high efficiency batteries were used.
Different power supplies have been tested on an operating

FIG. 6. Experimental setup for force sensitive resistor calibration.
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FIG. 7. Experimental setup for APDS performance test.

APDS. Ultimately, a battery pack (2x Li-Pol 9V, 2A) has been
chosen, which gives a maximum battery lifetime of about 36 h.
Even though the battery life was sufficient for more than a
day of continuous study, we ultimately made the decision to
replace it every day during routine animal checks. The boxes
and batteries were protected using a custom fit vest and casting
materials.

B. System control

A feedback routine was devised programmatically using
the Arduino software (Arduino, Italy), so the pre-set values of
pressure could be maintained over time by moving the actua-
tors and the pressure plate. Every two seconds, each record of
the FSR output voltage was collected by the microcontroller
unit and compared to the reference voltage (30 ± 3 mmHg
in this study). Accordingly, a control signal was created by
the microcontroller unit and passed through the PWM output
pins to control actuators’ position. As the Arduino board was
maintained in sleep mode between queries to improve bat-
tery lifetime, a command was sent through the digital out-
puts to control the MOSFET power switches and turn the

actuators off. Logged parameters of real-time pressure and
actuators’ shaft position were transmitted to the monitoring
station through XBee wireless route. A monitoring program
in Matlab (MathWorks, Natick, MA) was tasked to record the
data stream from each APDS.

C. System calibration

The calibration process of each APDS started by obtain-
ing the FSR characteristic curve experimentally. Dead weights
(10 g–1200 g) were used for this purpose. A rigid metal plate
of the same size as the FSR sensor (4 cm × 4 cm) was used to
distribute the weight onto the FSR. Voltage readings from each
FSR sensor were recorded for each weight. Finally, pressure
was calculated as Weight/Area and converted into mmHg. A
range of pressure between 0 and ∼55 mmHg was ultimately
obtained. Figure 6 shows the experimental setup used for this
test. Actuators were not functional in this configuration.

Several tests were conducted to characterize the system,
and included active tests where the system response to changes
to an applied force was monitored, as well as passive tests
where sensor drift and hysteresis were quantified.

In Figure 7, we show the layout of the active test. An
external adjustable source of pressure was created using a
translational stage attached to the pressure plate of the APDS.
The pressure on the FSR sensor was either decreased or
increased by moving the translational stage into random posi-
tions. In this layout, the entire APDS was completely func-
tional and was tasked to maintain a constant level of pressure
despite changes in loading condition.

Two passive tests were conducted, and in both cases, the
actuators were inactive, and only the FSR was used. In the
first test, sensor drift was measured. Well-known weights were
loaded onto the FSR sensor and matching plate as shown in
the calibration procedure. Resulting values of pressure were
monitored over time for up to 5 min. To monitor hysteresis,
the layout of Figure 7 was used, with the only difference
that actuators were not active and the translational stage was
motorized. The translational stage was programmed to leave
a starting position, travel 3 mm, and then return to its start-
ing position (acceleration 0.01 mm/s,2 velocity 0.01 mm/s).

FIG. 8. FSR characteristic plot, left frame: FSR #1 and right frame: FSR #2, symbols show the average voltage reading over 15 min. Curves show the best
polynomial fit.
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TABLE I. APDS calibration parameters Ci of fourth-order polynomial; p

and v denote pressure and voltage readings, respectively.

Calibration
p(v) = C∗1v

4 + C∗2v
3 + C∗3v

2 + C∗4v + C5

parameters C1 C2 C3 C4 C5

APDS #1 0.823 −2.851 3.570 5.937 0.205
APDS #2 1.203 −5.715 11.760 −1.330 0.165

FIG. 9. Sample results of the test conducted to demonstrate the ability of
the APDS#1 to maintain a pre-set level of pressure (30 mmHg). Top frame:
applied pressure on the pressure pad; bottom frame: position of the actuator
shafts to adjust the pressure around the set point.

FIG. 10. Side view drawing of APDS and its positioning on the skin.

FIG. 11. Animal and APDS preparation on day 70 after wounding; APDS
(a), sham box (b), protective vest and turtle shell (c), and outer garment and
battery pocket (d).

By doing so, up to 20 mmHg of pressure was applied to the
FSR sensor. The test was repeated six times.

D. Animal model

APDS functionality was tested on two animals (Red Duroc
pigs). All works were conducted after receiving approval of
the Institutional Animal Care and Use Committee (IACUC)
of MedStar Health Research Institute. Briefly, two 100 mm
× 100 mm full-thickness wounds were created on the flanks
of each animal with an electric dermatome (Zimmer, Inc.,
Warsaw, IN). The setting on the dermatome was adjusted to
0.76 mm depth of excision and was run across the wound
area 3 times, yielding a total excisional depth of ∼2.3 mm.
A fitted neoprene garment was made to protect wounds and
secure dressings. Garment construction is discussed in detail
in a previous report.18 After reepithelialization, on the 70th
day of wounding, one wound on each animal was treated with
APDS compression therapy for two consecutive weeks under
the supervision of a clinical team, while the second wound on
the opposite flank was treated with a “sham” therapy. Sham
therapy was a box that contained the exterior construction and
flange, secured in place in the same way the APDS was placed.

FIG. 12. Sample data stream recorded from two pressure delivery systems implemented on two animals; APDS #1 (left frame) and APDS #2 (right frame). Top
row shows the applied pressure on HTS versus time, and the bottom row shows the corresponding position of the actuators. The pre-set value of the pressure is
30 mmHg for this experiment.
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FIG. 13. Result of two weeks pressure delivery on scars versus time; sym-
bols show the average daily pressure value, and error bars indicate the
standard deviation of the data.

III. RESULTS AND DISCUSSION

A. Calibration

Data obtained from the calibration procedure were fitted
to the fourth order polynomial (Matlab, Natick, MA) to find
the best characteristic plot for each sensor. Figure 8 shows the
voltage readings and its best polynomial fit. Table I shows fit-
ting (or calibration) parameters, which were ultimately used to
convert the voltage readings, v, to the corresponding physical
pressure data, p.

In the second calibration step, each APDS was tasked to
maintain a pre-set level of pressure, 30 mmHg in this exper-
iment, by adjusting the actuator shafts. A sample set of data
(pressure and actuator’s position) showing the performance of
one APDS is presented in Figure 9.

The sensor drift test showed some considerable changes
in pressure immediately after positioning of the weight onto
the FSR sensor up to 10% of its original value. Within about
1 minute, the measurement stabilized and a drift of less than
5% was noticeable. For the hysteresis test, peak pressure re-
mained constant from measurement to measurement (less than

FIG. 15. Representative histological images showing dermal thickness; left
frame: pressure-treated scar, right frame: sham scar. Arrows highlight dermal
thicknesses. Scale bars are 500 µm.

2% change), and minimal hysteresis was noticed when the
measurement was repeated.

B. APDS-animal implementation

The connection of the APDS to each animal was con-
ducted in a surgical suite under general anesthesia. The base
frame of each box was sutured into place by experienced
clinicians using a sternotomy wire (A&E Medical Corpora-
tion, Farmingdale, NJ). Figure 10 shows a drawing of APDS’s
position on the skin tissue.

One APDS and one sham box, with the same dimensions
and weight, were put on the scarred tissue on the right and
left flank of any of the two animals accordingly (Figures 11(a)
and 11(b)). The boxes were protected using the custom vest
and casting materials shown in Figure 11(c). Fiberglass casting
was used to make a sturdy shell to protect APDSs from animal
interaction. An outer neoprene garment was also crafted for
additional protection and housing of batteries (Figure 11(d)).
The entire procedure took less than two hours.

C. In-vivo compression therapy

The boxes were left to run for two weeks while the animals
were awake and active inside their cages. The computer moni-
toring station with a receiving XBee wireless modem was also
located in the animal facility next to the cages. At the midpoint
of treatment, the animals were brought to the operating room
to check the condition of the boxes and to perform wound
imaging and clinical assessments.

FIG. 14. Representative photographs of the gross effects of compression therapy; left frame: pressure-treated scar, right frame: sham scar without compression
therapy.
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TABLE II. VSS score of two animals (#1 and #2) during compression therapy for the pressure-treated and sham scars.

Vancouver scar scale Vascularity score Pigmentation score Pliability score Height score Total VSS score

Treated Sham Treated Sham Treated Sham Treated Sham Treated Sham

Animal index #1 #2 #1 #2 #1 #2 #1 #2 #1 #2 #1 #2 #1 #2 #1 #2 #1 #2 #1 #2

Prior to therapy 1 1 1 3 2 2 2 2 2 2 2 2 1 2 1 3 6 7 6 10
After 1 week of therapy 1 1 1 1 2 2 2 2 1 0 2 2 0 0 2 3 4 3 7 8
After 2 weeks of therapy 1 1 1 1 2 2 2 2 1 1 3 3 0 0 3 3 4 4 9 9

Figure 12 shows two sample sets of the data collected
through the wireless communication channel from both
APDSs, which were clustered at the monitoring workstation.
Figure 13 presents the graphs of the averaged daily pressure for
both devices. The total mean pressure applied on each scar over
two weeks is 30.93 ± 3.371 mmHg and 31.54 ± 4.663 mmHg.

Figure 14 shows representative photographs of two
hypertrophic scars (one pressure-treated scar and one sham)
on the same animal on the 84th day after wounding. The
gross effect of two weeks compression therapy is clearly
visible on the pressure-treated scar. A decrease in dermal
thickness was also observed histologically in the pilot
animals. A sample set of histological images provided from
the same animal on the 84th day after wounding is shown in
Figure 15.

Quantitative assessment of scar quality is useful in
clinical scar diagnosis and management. The Vancouver
Scar Scale (VSS) is one of the most commonly used
clinical scar assessment tools and relies on the physician’s
subjective evaluation of skin pliability, height, vascularity,
and pigmentation.19 In this pre-clinical study, a subjective
VSS assessment was conducted on the animal model of
human scar. Vascularity, pigmentation, height, and pliability
were evaluated and scored every seven days. The effect
of compression therapy on VSS scores in both animals is
illustrated in Table II. Lower VSS scores equate with more
clinically favorable scars, which were seen in the pressure-
treated scar of a pilot animal. Additional clinical results have
been presented in previous reports.20,21

IV. CONCLUSION

We have demonstrated the construction of a simple
APDS with the intent of treating wounds with a constant
level of pressure for scar therapy. The device utilized two
micro-actuators to adjust the position of a pressure plate
to which they are connected. The plate then exhorts a
controlled force on any surface to which it comes in contact.
A microcontroller unit was in charge to handle the whole
functionality of the device. The proposed APDS was entirely
self-operated and was able to communicate via a wireless
route for data transmission. To the best of our knowledge, this
is the only fully automatic pressure delivery device capable
of functioning in an in-vivo non-anesthetized environment.
Operational performance of the first prototype was assessed
using an experimental procedure. Afterwards, the proposed
pressure delivery system was tasked to apply and maintain

30 mmHg of pressure on animal model during two weeks
of scar treatment. By using wireless communication, remote
access to the pressure delivery system was established, and
therefore real-time data were successfully collected and
stored in order to check the performance of the compression
therapy. Results of the pilot animal study showed the ability
of the constructed device to maintain the pressure close to
the pre-set value at the maximum variation range of ±15%.
Promising results were obtained from the clinician diagnosis
reports (VSS scoring tool) and the histological examinations,
which showed the effectiveness of the proposed therapeutic
device on hypertrophic scar quality. Further studies of the
effect of compression therapy on tissue at a molecular and
cellular level are necessary to better understand the many
mechanisms that influence scar formation. The focus of this
study was the development of a device that could exert some
biological change. Additional studies with a larger sample
size are needed to be able to prove and further characterize
clinical effects of this pressure delivery system. With this
technology in hand, future controlled reproducible studies
can now be undertaken to evaluate the effects of pressure on
the pathophysiology of scar.
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