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Abstract

Alternating pressure has been shown to enhance the perfusion and viability of weight-bearing
tissues in people with spinal cord injury (SCI). However, optimal inflation and cycle pa-
rameters for alternating pressure support surfaces remain undetermined. The goals of this
study were to develop a programmable alternating pressure seat cushion with customizable
cell configurations and to pilot test the cushion. Ischial skin perfusion was measured in
response to three inflation protocols: constant pressure, alternating pressure with 10-min
cycles, and alternating pressure with 5-min cycles. Skin perfusion was expected to increase
with the presence of alternating pressure and to increase as alternating cycle time decreased.
One volunteer from the Rehabilitation Engineering Laboratory participated in the pilot
test. Due to the sample size, statistical hypothesis testing was not performed; however, data
trends appeared to support our expectations. Results merited a crossover study utilizing our
customized cushion to perform hypothesis testing on the physiological effects of alternating
pressure seating configurations in people with SCI.

1 Introduction

Pressure ulcer development is a leading complication following spinal cord injury
(SCI). Treatment is reported to cost $16,800 per incident and $11 billion per year in
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the United States [1]. Although the problem is well recognized, prevention remains
elusive, as evidenced by the estimated 2.5 million pressure ulcers treated in acute
care every year [2].

While pressure ulcer etiology is not fully determined, prolonged pressure is an
established prerequisite to ulceration. People with SCI are more likely to experience
prolonged seating pressure as a consequence of reduced weight shifting that ensues
from the disruption of sensory pathways (i.e., for pain and discomfort) and motor
pathways. Thus, periodic pressure relief is recommended to increase skin perfusion
and tissue viability by reducing the duration andmagnitude of seating pressure [3, 4].

In practice, traditional pressure relief strategies may not be appropriate or possible in
every situation. Alternating pressure seat cushionsmay serve as a passive intervention
by providing intermittent pressure relief to allow circulation to ischemic tissues [4]
and has been supported in the literature as a technique to enhance skin perfusion
[5, 6, 7]. While numerous alternating pressure support surfaces exist in the market,
optimal inflation and cycle parameters have yet to be uncovered.

Toward that end, two intermediate aims were achieved in this study. Our first aim
was to develop an alternating pressure seat cushion to facilitate systematic testing
of inflation parameters. For this cushion, every cell needed to be isolated, and each
cell’s internal air pressure needed to be programmatically controlled. Our second
aim was to pilot test the cushion in a preliminary evaluation of ischial skin perfusion
versus alternating pressure seating configurations. Three inflation conditions were
tested: constant pressure, alternating pressure with 10-min cycles, and alternating
pressure with 5-min cycles. We expected that average skin perfusion would increase
in response to alternating pressure when compared to constant pressure, and that
average skin perfusion would increase as alternating cycle time decreased.

2 Methods

2.1 Instrumentation

The testing apparatus (Fig. 1) was developed in three stages. First, a commercial
air cushion was modified to isolate every air cell. Second, an electronic controller
was constructed to programmatically modulate internal air pressure configurations.
Third, pneumatic tubing was assembled to connect the cushion and controller com-
ponents.
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Fig. 1 The programmable alternating pressure seat cushion that was
developed and evaluated in this study.

2.1.1 Cushion

A commercial high-profile air cushion (model QS99C; ROHO, Inc.; Belleville, IL)
served as the base cushion. In early prototype iterations, each inter-cell connection
was individually sealed off using various adhesive- and clamp-based methods. How-
ever, these seals were not reliable enough to withstand repeated inflation-deflation
cycles over time, resulting in significant time and effort devoted toward locating and
repairing leaks. Thus, we explored approaches to decrease the points of failure and
eventually settled on a means of clamping all inter-cell connections simultaneously
(Fig. 2). Two 17′′ × 17′′ × 0.134′′ steel plates were machined into two unibody lattices,
such that lattice openings corresponded to air cell locations. The openings measured
1 38
′′ × 1 38 ′′ and were spaced 5

16
′′ apart. Screw holes were reamed at each lattice inter-

section. To seal the cushion’s inter-cell connections, the lattices were placed above
and below the cushion and clamped together with nuts and bolts as shown in Fig. 2.
A cushion cover was not used in this iteration. While covers can be used for transfer
and containment purposes, they are optional as per the ROHO operation manual.

2.1.2 Controller

In early prototype iterations, internal air pressures were regulated with manual
pressure valves. As we approached the finalized lattice-clamp design, we began
constructing an electronic controller to facilitate programmable air pressures (Fig. 3).
Four electropneumatic transducers (model IP-413-020; Omega Engineering, Inc.;
Stamford, CT) were utilized to linearly convert 0–10 V signal inputs into 0–20 psi
pressure outputs with ±10 mmHg of accuracy. The transducers were powered with
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(a)

(b)

(c)

(d)

(e)

Fig. 2 Exploded view of the modified cushion, in which two steel lattices
were clamped over the airways of a ROHO cushion using nuts and bolts:
(a) bolts, (b) steel lattice, (c) ROHO cushion, (d) steel lattice, and (e) nuts.

a variable power supply (model HY3005F-3; Precision Mastech Enterprises; Kwun
Tong, Kowloon, Hong Kong). An Arduino microcontroller board (model Mega
2560 R3, Smart Projects SRL, Strambino, Italy) was used to send 0–5 V signals to
the transducers. The Arduino’s 5 V limitation was acceptable since only low cell
pressures were required. Pulse width modulation (PWM) Arduino outputs were
integrated with resistor-capacitor low-pass filters as shown in Fig. 3. Each PWM
duty cycle value corresponded to a pneumatic output of approximately 2.03 mmHg,

1 PWM = 1 PWM( 5 V
255 PWM

)( 10 psi
5 V
)

≈ 2.03 mmHg
(1)
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Fig. 3 Circuit schematic of the controller’s electropneumatic transducers,
microcontroller board, and resistor-capacitor filters.

2.1.3 Pneumatics

Four transducer outlets were branched to all air cells using tubing manifolds (series
KM; SMC Corporation of America; Noblesville, IN), each of which divided inlet
air supplies into multiple outlet streams. Each transducer outlet was connected to
a separate manifold inlet using polyvinyl chloride (PVC) tubing. To connect the
manifold outlets to the air cells, custom air valves had to be added to each air cell.
Custom nozzles were created by using neoprene cement to adhere 1

8
′′ hose barb

fittings onto small incisions near the base of each cell. These nozzles were then
connected to the manifold outlets using PVC tubing, and unused manifold outlets
were plugged. Air was supplied by a portable air compressor (model FC2002; Rolair
Systems; Hustisford, WI).
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2.2 Participants

One member of the Rehabilitation Engineering Laboratory volunteered for the pilot
evaluation. The participant did not present with a disability.

2.3 Procedure

Laser Doppler flowmetry sensors (model PR415; Perimed, Inc.; Ardmore, PA) were
attached at two buttock sites (Fig. 4). The ischial tuberosity (IT) was palpated for the
location of the first sensor, and the second sensor was placed anterior to the IT by
1 1116
′′, corresponding to the center-to-center distance between two anteroposterior

air cells. The cushion component was placed on a power wheelchair (model C400;
Permobil, Inc.; Lebanon, TN).

Three conditions were tested, in which two groups of cells were configured in a
checkerboard pattern (Fig. 5a). Each condition was preceded by a 5-min baseline
period, in which both cell groups were inflated to a constant internal air pressure of
30 mmHg. The baseline period was followed by one of three 40-min testing periods.
For protocol 1, the testing period consisted of a constant pressure configuration, in
which both cell groups were inflated to a constant 40 mmHg over the entire duration

(a)

(b)

Fig. 4 Example of an interface pressure frame during a checkerboard
inflation period, labeledwith the laserDoppler flowmetry sensor locations:
(a) directly under the ischial tuberosity and (b) anterior to the ischial
tuberosity.
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(Fig. 5b). For protocol 2, the testing period consisted of an alternating pressure
configuration, in which cell groups were inflated to 10 mmHg and 70 mmHg over
four 10-min cycles (Fig. 5c). For protocol 3, the testing period consisted of another
alternating pressure configuration, in which cell groups were inflated to 10 mmHg
and 70 mmHg over eight 5-min cycles (Fig. 5d). Each 45-min protocol was separated
by 15-min breaks, approximating to a 3-hr procedure.

(a)

(b)

(c)

(d)

Fig. 5 Internal air pressure configurations: (a) cell groups, (b) protocol
1, (c) protocol 2, and (d) protocol 3.

2.4 Analysis

Skin perfusion during each 5-min baseline period was averaged to establish the
baseline perfusion value in each protocol. Skin perfusion during each 40-min testing
period was averaged and normalized to its corresponding baseline perfusion value.
Due to the sample size (n = 1), only descriptive analysis was performed.

3 Results

Under the ischial tuberosity, protocol 1 yielded a −1.9% change in skin perfusion,
protocol 2 yielded a +2.8% change, and protocol 3 yielded a +7.6% change (Fig. 6a).
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Anterior to the ischial tuberosity, protocol 1 yielded a−8.9% change in skin perfusion,
protocol 2 yielded a −5.9% change, and protocol 3 yielded a −3.0% change (Fig. 6b).

Fig. 6 Normalized skin perfusion: (a) directly under the ischial tuberos-
ity and (b) anterior to the ischial tuberosity.

4 Discussion

Thepilot observations supported our expectations that skin perfusion would increase
in response to the presence of alternating pressure, and that skin perfusion would
increase as alternating cycle time decreased. When compared to constant pressure,
skin perfusion during alternating pressure was on average 7.0% and 4.5% higher
under the IT and anterior to the IT, respectively. When compared to 10-min cycles,
skin perfusion during 5-min cycles was on average 4.8% and 2.9% higher under the
IT and anterior to the IT, respectively.

These results indicated potential discriminability in skin perfusion between alter-
nating pressure configurations, and they demonstrated the feasibility of using our
customized cushion for systematic testing of alternating pressure parameters. Infla-
tion pressures and cycle timings can be programmatically controlled using Arduino
sketches, and air cells can be arbitrarily configured in up to four groups by rear-
ranging manifold configurations. If more cell groups were to be desired in future
experiments, additional transducers could be simply plugged into the circuit and
tubing.

Forthcoming studies with our customized cushion may inform the development
of optimized alternating pressure support surfaces to minimize the risk of pressure
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ulcers. Based on the ensuing evidence, one set of configuration parameters may be
supported over others (e.g., number of cell groups, inflation levels of cell groups,
cycle timings of cell groups, etc.). Furthermore, experiments may reveal unique
optimal configurations per individual, informed by demography (e.g., injury type,
injury level, injury duration, cardiovascular status, etc.).

In future work, participants with SCI will be recruited for a crossover study to assess
physiological responses to alternating pressure seating configurations. Protocol
ordering will be randomized. While the current study’s procedure included a 15-min
washout period and 5-min baseline period for each protocol, a balanced design will
furtherminimize potential carryover effects. In addition, modificationsmay bemade
to accommodate a customized cushion cover, which would facilitate the option of
performing either covered or coverless cushion testing.

5 Conclusion

Our alternating pressure seat cushion facilitated programmatic control of alternat-
ing pressure parameters. Preliminary observations suggested that skin perfusion
increased in response to alternating pressure and in response to decreased cycle
times. Our modified cushion will be used in subsequent crossover studies to assess
physiological responses to alternating pressure seating configurations in people with
SCI.
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