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M E D I C A L  R O B O T S

Preventing pressure ulcers by increasing pressure: An 
unorthodox alternating-pressure mattress
Zhidi Yang1†, James L. Weida1,2, Siyuan Shao1, Brandon Reedel1, Collin Shannon1, Junlin Chen1, 
Piyush Sheth2, Jonathan B. Hopkins1*†

Despite the devastating effects of pressure ulcers (PUs), little is understood about how they can be prevented using 
alternating-pressure (AP) mattresses. Such mattresses typically aim to minimize the pressures imparted while alter-
nating between different states of pressure to prevent areas of tissue from being persistently occluded of blood flow. 
In this work, we built an actuator bed to study AP approaches and learned that AP mattresses should aim to 
increase—not decrease—peak pressures to a certain extent if such areas are to be minimized for effectively prevent-
ing PUs. In addition, we learned that such mattresses should aim to increase the difference between their loading 
and off-loading pressures. We identified optimal parameters from the study and used them to design an AP mattress 
made of compliant mechanisms that markedly reduce areas of persistent occlusion by exhibiting relatively high 
peak pressures that are periodically alternated with substantially lower off-loading pressures. The mattress’s perfor-
mance was characterized and compared against a standard foam pad in its flat and raised configurations. The load 
required to actuate the mattress from one of its stable states of pressure to the other was also measured.

INTRODUCTION
Pressure ulcers (PUs), also known as bedsores, pressure injuries, or 
decubitus ulcers, are localized injuries to the skin or underlying tis-
sue caused by unrelieved pressure leading to ischemia and tissue 
necrosis (1). In US acute care facilities alone, 2.5 million PUs are 
treated each year at a cost of $11 billion annually, surpassed only by 
the costs of cancer and cardiovascular diseases (2). PUs mostly oc-
cur in individuals with limited mobility (3) (the elderly, handi-
capped, injured, sick, obese, or those recovering from surgery) and 
are often accompanied by deleterious physical, psychological, and 
social consequences (4).

Despite the sizeable morbidity and mortality that PUs inflict 
(60,000 deaths per year) (5), they are preventable. Although numer-
ous factors collectively affect the formation of PUs, as detailed in the 
Supplementary Materials, the most prevalent factor that can be ad-
dressed by support-surface technologies is perfusion (6). If the sur-
face supporting the patient does not impart pressures that exceed 
the threshold at which blood and other lymphatic fluids are occlud-
ed to the patient’s tissue (7), or if it does impart such pressures but 
not persistently over a prolonged period of time (8, 9), perfusion is 
maintained and the risk of developing PUs is reduced. This occlu-
sion pressure threshold (OPT), which corresponds to capillary fill-
ing pressure, varies in individuals from 20 to 40 mmHg (10), with an 
average value of 32 mmHg (10–13). Thus, it is recommended that 
patients be repositioned every 2 hours for providing pressure relief 
to areas that could exceed 32 mmHg (7, 13). Adherence to this poli-
cy, however, is cumbersome and costly and thus typically occurs 
only 66% of the time (7). Moreover, turning the patient can injure 
the caregiver (7, 14) and harm the patient’s skin because of danger-
ous shearing loads, which should also be avoided for preventing su-
perficial PUs (7, 13, 15).

Numerous PU prevention devices have been proposed to address 
these issues (7, 16). Some devices aim to periodically reposition the 
patient by inclining or turning them (17–19). Other devices attempt 
to relieve pressure directly without moving or disturbing the patient 
from their sleep. These pressure-relieving devices are categorized as 
passive or active (7). The passive devices, also known as reactive, 
constant low-pressure, or static pressure-reducing devices, naturally 
conform to patients via gravity and thereby reduce pressure as the 
contact area increases with immersion. Examples include support 
surfaces that are filled with various combinations of foam, gel, fiber, 
air, water, or beads (20, 21). The active devices undergo dynamic 
changes either manually or via automated actuation to relieve pres-
sure directly. Alwasel et al. (22) proposed a mattress with a section 
of cubes that can be manually extracted from under the patient to 
control pressure distribution. Moon et al. (23) proposed a mattress 
consisting of tubes arranged in sections that are inflated via pres-
sures calculated from the patient’s height and weight using anthro-
pometric data. Some of the most advanced active devices use 
pneumatic (24–35) or electromechanical (36–41) actuators in con-
junction with embedded pressure or force sensors to continually 
readjust and minimize the peak pressure imparted on the patient in 
real time via closed-loop control.

Devices that solely attempt to minimize peak pressure, however, 
often fail to prevent PUs if the patient’s OPT is less than the peak 
pressure achieved because such devices persistently occlude blood 
flow where the peak pressure is applied (6). Active pressure-relieving 
devices that periodically alternate between different states of pres-
sure are often favorable because they reduce the chance that any one 
location on the patient’s body will be subjected to a persistent pres-
sure above the patient’s OPT for a prolonged period of time (42, 43). 
Furthermore, such alternating-pressure (AP) devices do not require 
sensors or closed-loop-control circuitry because they simply alter-
nate between their different states of pressure and are thus more 
practical, cost-effective, and robust than the more advanced active 
devices mentioned previously. Consequently, some of the most pop-
ular mattresses used for preventing PUs [aside from air-fluidized 
beds, which are often prescribed to treat the most severe PUs but 
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weigh more than half a ton (450 kg), cost >$50,000, and are not 
suited for home care use] are AP mattresses. These mattresses typi-
cally consist of transversely aligned tubes that periodically inflate/
deflate to alternate areas of high pressure. Overlays with similarly 
alternating bladders are also commonly used (44).

Despite their popularity, however, limited studies exist to under-
stand what factors affect the performance of AP devices and how such 
devices can be improved to definitively prevent PUs. As a result, exist-
ing AP products fall short of their potential and fail to produce con-
sistent evidence of convincing efficacy (9, 45). Fundamental studies, 
however, indicate that the concept of alternating pressure is uniquely 
promising for preventing PUs by facilitating and even enhancing per-
fusion. Jan et al. (8) demonstrated that alternating pressure between 0 
and 60 mmHg achieved improved perfusion compared with holding 
a constant pressure of 30 mmHg. Pauly et al. (9) demonstrated that 
alternating pressure between 5 and 75 mmHg on sacral skin achieved 
improved perfusion compared with alternating pressure between 15 
and 65 mmHg. Mayrovitz and Sims (42) demonstrated that cyclically 
pressurizing heels produced greater blood perfusion compared with a 
resting baseline. Bader (43) demonstrated that cyclic loading of the 
sacrum produced rapid and complete tissue recovery in both healthy 
and debilitated participants—although some debilitated participants 
did experience impaired tissue recovery. Chai et al. (46) inflated two 
different configurations of four bladders using three different pres-
sure combinations over three different cycle periods to better under-
stand factors that govern the performance of inflatable AP devices 
specifically. Other studies have focused on characterizing the perfor-
mance of specific AP designs (47, 48).

In this work, a bed consisting of 1260 independently controlled 
linear actuators was created (Fig. 1A) to rigorously study the geomet-
ric factors (specifically, the spacing between alternating peaks) that 
affect the PU prevention capabilities of AP technologies and thereby 
to learn how to improve their ability to facilitate perfusion. The bed’s 
actuators were programmed to impose two states of undulating 

checkerboard-like surface patterns on an anatomically correct dum-
my in supine position (fig. S1), where the peaks of one state alternate 
with the pits of the other state (Fig. 1A). The pitch, P, and depth, D 
(fig. S2), of these surface patterns (that is, the horizontal spacing be-
tween their neighboring peaks and the vertical spacing between their 
pits and peaks, respectively) were swept to determine which combina-
tion of these parameters would best facilitate perfusion (movie S1). It 
was postulated that perfusion is best facilitated using surface-pattern 
parameter combinations that minimize the overlapping areas where 
pressures commonly reach or exceed the OPT in both states of alter-
nating pressure. Such areas occur where no pressure relief is experi-
enced below the OPT no matter how often the different states of 
pressure are alternated and thus are the areas where blood flow is per-
sistently occluded. As such, the sum of these areas is called the area of 
persistent occlusion (APO) and is a measure of the region size in 
which PUs are most likely to form. From this study, it was determined 
that AP devices that impart higher peak pressures tend to reduce both 
the APO and the APO sensitivity to OPT values that vary between 20 
and 40 mmHg and thus tend to be more effective at preventing PUs 
than AP devices that aim to minimize peak pressures. Moreover, it 
was determined that AP devices that achieve larger differences in 
loading and off-loading pressures when alternated between different 
states also tend to be more effective at reducing APO. These findings, 
along with the optimal P and D values identified from the study, in-
formed the design of a practical, low-cost mattress (Fig. 1B and fig. S3) 
that achieves two alternating checkerboard-like surface pat-
terns, which each impart unconventionally high—but comfortable—
peak pressures that alternate to markedly lower off-loading pressures 
as a result. The mattress consists of compliant mechanisms (49, 50) 
that enable it to be smoothly transitioned from one state of pressure to 
the next with minimal energy (movie S2), thus enabling easy manual 
or automated actuation by caregivers or low-powered motors, respec-
tively. Experiments were conducted to compare the mattress’s peak 
pressure, APO, and APO sensitivity against a standard foam pad in 

Fig. 1. Actuator bed and the compliant-mechanism mattress that it helped design. (A) A bed consisting of 1260 linear actuators, which can collectively achieve pro-
grammable surface patterns, was built to study the PU prevention approach of alternating pressure between two undulating checkerboard-like states of pressure and to 
identify optimal P and D values. (B) An AP mattress consisting of compliant mechanisms was designed using the optimal values identified for most effectively preventing 
PUs. Scale bars, 10 inches (25.4 cm) [(A) and (B)].
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both flat and head-and-knee-raised configurations. Because APO and 
APO sensitivity were used as metrics to gauge PU prevention efficacy 
in this work, and because these metrics depend on the size, shape, 
stiffness, and weight of the body lying on top of an AP device—not the 
response of living tissue—an anatomically correct dummy was used 
instead of living participants to remain still as data were collected over 
many days. A more detailed discussion about the decision to use a 
dummy instead of living participants for the studies of this work is 
provided in the Supplementary Materials.

RESULTS
Compliant-mechanism mattress
Although others have proposed pressure-relieving mattresses made 
of rigid mechanisms (36, 51), which consist of bodies joined togeth-
er by sliding and/or rolling contact joints, the AP mattress of this 
work (Fig. 2A) is made of compliant mechanisms (49, 50), which 
consist of bodies joined together by flexible joints that deform to 
achieve desired motions, for the reasons discussed in the Supple-
mentary Materials. The mattress consists of two unique panel de-
signs (Fig. 2B), which are alternated and spaced a distance that is 
half of the mattress’s intended pitch, P/2, along its length (Fig. 2A). 
Both designs consist of the same repeating trapezoidal pattern of 
connected bodies, but the configuration of one panel is offset from 
the pattern of the other by the same distance, P/2 (Fig. 2B), so the 
mattress can achieve the checkerboard-like surface pattern desired. 
Specifically, each panel consists of angled rigid struts that join with 
a fixed base on one end and top bars on the other end (Fig. 2C) via 
flexure hinges (Fig. 2A) that locally deform to achieve rotations. The 
flexure hinges (50) of this work’s prototype are made from metal 
shims (fig. S4 and movie S3) as detailed in Materials and Methods. 
Although neighboring struts should not be parallel for the mattress 
to properly function, every other strut should be parallel when 
the top bars are aligned as shown in Fig. 2C. If the mattress is 

compressed under a patient’s weight (Fig. 2D), all of the panels will 
shift either to the right (fig. S5A) or to the left (fig. S5B) until hard 
stops (Fig. 2C) are engaged and the mattress settles into one of its 
two stable states with the desired undulating surface pattern mani-
fested. The peaks of each pattern will alternate to the pits of the 
other pattern and vice versa as the mattress is actuated between 
states. No shearing forces are imparted on the patient’s skin in the 
process because their body moves with the top surface of the mat-
tress. A foam pad should also be used on the mattress to increase 
comfort and shield the patient from other unwanted loads. Al-
though the top bars (fig. S6) are intended to rigidly resist compres-
sion, the current prototype allows them to extend a distance along 
their axes when they are loaded in tension (movie S4) to allow the 
mattress’s pitch and depth to remain uniform (fig. S7) underneath 
the patient as detailed in the Supplementary Materials. It is expected 
that each panel within the final product will be injection molded as 
one part, like the 3D-printed preliminary concept shown in fig. S8, 
which is also discussed in the Supplementary Materials, to simplify 
the manufacturing process and fully leverage the advantages of 
compliant mechanisms (movie S5). The panels are inserted between 
a series of side flexures (fig. S9) on either side of the mattress along 
its length using press-fit features. These side flexures, detailed in 
Materials and Methods, are designed to guide the relative rotations 
(Fig. 2E) between neighboring panels about axes that lie on the top 
surface of the mattress (movie S6) to allow the mattress’s head and 
knee portions to be raised (fig. S10) without pinching the patient or 
altering the desired surface pattern (movie S7). The kinematics en-
forced by these side flexures also accommodate stretch-resistant 
straps (Fig.  2E), which are threaded through slits in each top bar 
(fig. S6) for stabilizing their panels and ensuring that they all dis-
place the same direction when the mattress is actuated.

Principles of static balancing (52, 53) are leveraged to counteract 
the patient’s weight using snap-on springs (Fig. 3A) that attach to 
the mattress’s panels (Fig.  3B) via magnets embedded in square 

Fig. 2. How the compliant-mechanism mattress works. (A) The mattress consists of (B) two panel designs that (C) are made of bodies arranged in repeating trapezoid 
configurations, which when actuated (D) to the right or left produce an alternating checkerboard-like surface pattern of peaks and pits. (E) The panels are inserted be-
tween side flexures that deform to enable the head and/or knee portion of the mattress to be raised and lowered while still achieving the desired alternating pattern on 
its top surface.
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posts (fig. S4A) and mating holes (movie S8). If the optimal number 
of such balancing springs is properly used, they can markedly re-
duce the force required to actuate the mattress with a patient lying 
on top from either of the mattress’s stable states on the right or left 
side (Fig. 3C) to its undeformed but higher gravitational-potential-
energy state in the center (Fig. 2C). Moreover, the springs enable 
the patient to be gently lowered from this central state into the 
mattress’s alternate stable state on the other side, where the panel 
hard stops should only gently engage under ideally balanced cir-
cumstances to avoid impact jolts. A software tool (fig. S11) was 
developed (software S1 available on Zenodo) using anthropo-
metric data (54), as discussed in the Supplementary Materials, to 
determine the optimal number of balancing springs to use and 
where to place them (Fig. 3D) to minimize the force required to 
actuate the mattress with a patient on top. In addition to reduc-
ing the force of manual actuation, balancing springs also enable 
the automated actuation of the mattress (movie S9) via a few low-
powered linear actuators, which are detailed in Materials and 
Methods and attach to the panels at similar locations as the springs 
(fig. S12). A discussion comparing the advantages of the mattress 
of this work with other AP technologies is provided in the Supple-
mentary Materials.

Actuator bed study
An actuator bed (fig. S13) was designed and built (Fig. 1A) to study 
factors that affect the PU prevention capabilities of AP technologies 
and to identify what parameters (such as the P and D values) to ap-
ply to the mattress design of this work to best prevent PUs. Detailed 
descriptions of the bed’s constituent parts (fig.  S14) and control 
electronics (fig.  S15) are provided in Materials and Methods. A 
software tool (fig.  S16), developed to conduct the study (movie 
S10), is also provided (software S2 available on Zenodo) and dis-
cussed in the Supplementary Materials. A foam pad was placed on 
top of the actuator bed, followed by a pressure-sensing mat and 
a dummy (fig.  S17 and  Fig.  4A) as detailed in Materials and 
Methods. The bed’s actuators were then controlled, as described 

in the Supplementary Materials, to collectively exhibit undulat-
ing checkerboard-like surface patterns, which would alternate be-
tween two different states, where peaks would become pits and vice 
versa (Fig. 1A), for specific P and D values. These values were swept 
(movie S1) from P = 2 to 24 inches (5.08 to 60.96 cm) and D = 0.25 
to 1.5 inches (0.635 to 3.81 cm), respectively, and their corresponding 
surface patterns were offset to four different locations underneath 
the dummy for each scenario as discussed in the Supplementary 
Materials. The pressure-sensing mat collected data (movie S11) 
from each surface pattern’s two states of alternating pressure (for 
example, Fig. 4B), and their corresponding APO was calculated for 
an OPT of 32 mmHg. In other words, the number of overlapping 
sensor-mat pixels that commonly reached or exceeded 32 mmHg in 
both states of alternating pressure was identified and then multi-
plied by 0.25 inches2 (0.635 cm2)/pixel because each pixel in the mat 
is 0.5 inches by 0.5 inches (1.27 cm by 1.27 cm). The highest pressure 
sensed in either state of each surface pattern (that is, the peak pres-
sure) was measured and plotted (Fig. 4C) against these APO values. 
The trend of the resulting plot demonstrates that checkerboard-like 
AP mattresses that exhibit higher peak pressures tend to reduce 
APO. This general trend remains regardless of how the OPT varies 
in individuals between 20 and 40 mmHg (fig. S18).

If the same peak pressures are plotted against their correspond-
ing APO sensitivity to OPT at an OPT of 32 mmHg (Fig.  4D), a 
similar trend is observed (that is, higher peak pressures tend to re-
duce APO sensitivity as well). This sensitivity can be identified by 
plotting the APO measured from each surface pattern against OPT 
values between 20 and 40 mmHg (fig. S19) and then by calculating 
the absolute value of the derivative (that is, the slope) of those plots 
at 32 mmHg. The trend remains when peak pressures are plotted 
against the absolute values of the best-fit line slopes of the corre-
sponding data plotted in fig. S19 as an alternative measure of APO 
sensitivity to OPT between 20 and 40 mmHg (fig. S20).

When the absolute values of the pressure differences at every pixel 
on the pressure-sensing mat measured in both alternating states 
were averaged and plotted against the APO at an OPT of 32 mmHg 

Fig. 3. Balancing springs markedly reduce the mattress’s actuation energy. (A) Each spring consists of bent steel sheets attached to magnetic ends that (B) easily snap 
onto panels at different locations so that the mattress can be smoothly actuated (C) from one undulating state to the next with minimal actuation loads, because the 
weight of the patient and mattress is counterbalanced by the force of the deformed springs. (D) A software tool determines the optimal number and location of these 
springs within the mattress given the patient’s height and weight. Scale bars, 1 inch (2.54 cm) (A) and 5 inches (12.7 cm) (C).
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for each scenario swept (fig. S21), a similar trend was observed. 
The plot shows that checkerboard-like AP mattresses that achieved 
larger differences in loading and off-loading pressures tended to re-
duce APO. The data of fig. S21 were even more tightly circumscribed 
by their boundary along the trend direction than the data of Fig. 4 
(C and D), which suggests an even stronger correlation.

The APO for all surface patterns swept at an OPT of 32 mmHg 
was also plotted against pitch for different depths (Fig. 4E) to aid in 
the identification of the best parameter combination to apply within 
the AP mattress design of this work. The same parameter-sweep 
study was conducted using the dummy but without foam (movie 
S12) to determine the effect of foam on the results (figs.  S22 and 
S23) as discussed in the Supplementary Materials. Different ranges 
of depth and offset values (fig. S24) were also swept without foam 
(movie S13) to determine the effects of offsetting the surface pattern 
relative to the dummy (fig. S25), as is also discussed in the Supple-
mentary Materials.

Mattress design and performance comparison
A software tool (fig. S26) was created (software S3 available on 
Zenodo) to generate trapezoidal panel designs (for example, Fig. 2C) 
that achieve desired P and D values (movie S14) as discussed in the 
Supplementary Materials. A P of 5 inches (12.7 cm) and a D of 
1 inch (2.54 cm) were used with this software to design the compliant-
mechanism mattress of Fig. 1B for the reasons also discussed 
in the Supplementary Materials. Details regarding the design’s 
constituent parts (fig. S27) are provided in Materials and Meth-
ods along with a description of the setup used to characterize the 

mattress’s performance (Fig. 5A). This setup (fig. S28) consisted of a 
bed frame; a series of planks joined together by straps (fig.  S29), 
which form rolling-contact joints (55); the mattress itself; a foam pad; 
a pressure-sensing mat; and a dummy. The dummy was randomly 
placed in 10 different locations on this compliant-mechanism– 
mattress setup, and the pressure-sensing mat collected data (movie 
S15) for each location (for example, Fig. 5A) in both states of alter-
nating pressure (Fig. 1B). The results were compared against a dif-
ferent setup (Fig. 5B) consisting of a bed frame, wooden boards, a 
foam pad, a pressure-sensing mat, and a dummy (fig. S30) as de-
tailed in Materials and Methods. Again, the dummy was randomly 
placed in 10 different locations on this foam-pad setup (for exam-
ple,  Fig.  5B), and the pressure-sensing mat collected data (movie 
S16) for each location. The peak pressures (Fig. 5C) measured from 
both states of the compliant-mechanism mattress (fig. S31A) were 
found to be higher (~161 mmHg) and exhibited more variabil-
ity than the foam pad’s peak pressures (~40 mmHg) (fig. S31B). 
The APO values for both the mattress (fig. S32A) and foam pad 
(fig. S32B) were averaged and plotted for OPT values between 20 and 
40 mmHg (Fig. 5D). The APO and APO sensitivity of the mat-
tress at 32 mmHg were 0.725 inches2 (1.84 cm2) and 0.2 inches2 
(0.51 cm2) per mmHg, respectively. In contrast, the foam pad’s 
APO and APO sensitivity at 32 mmHg were substantially higher at 
24.65 inches2 (62.6 cm2) and 6.7 inches2 (17.02 cm2) per mmHg, 
respectively. Thus, patients with an OPT > 28 mmHg would not 
likely acquire PUs if they used the mattress but would likely acquire 
PUs if they used the foam pad unless their OPT was > 38 mmHg. 
The APO at an OPT of 32 mmHg was also measured from the two 

Fig. 4. Actuator bed study results. (A) A dummy, pressure-sensing mat, and foam pad were placed on a bed of actuators, which swept through numerous undulating 
checkerboard-like surface patterns that alternated between two states. (B) Pressure data measured from the two states of one such surface pattern example with a 5-inch 
(12.7-cm) pitch; a 1.5-inch (3.81-cm) depth; and a 2-inch (5.08-cm) and 0-inch row and column offset, respectively. The peak pressures of all of the data collected were 
plotted against (C) APO and (D) APO sensitivity to OPT at an OPT of 32 mmHg. The trend of both plots shows that APO and APO sensitivity are reduced by AP mattresses 
that exhibit higher peak pressures. (E) The APO-versus-pitch plot for different depth values shows which parameter combinations are best applied to AP mattresses that 
aim to reduce APO at an OPT of 32 mmHg. The trend lines in (E) pass through average values, and the error bars represent maximum and minimum values from a sample 
size of four, corresponding to each offset. Scale bar, 10 inches (25.4 cm) (A).
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states of the mattress and from the foam pad as the dummy was 
raised by the bed frame (movie S17) over an angle, θ (Fig. 5E). 
Although the mattress’s APO does increase as the angle increases, it 
increases at a lower rate than the foam pad, and thus, the mattress 
would be substantially more effective at preventing PUs even when 
the bed frame is elevated. A system of cords and pulleys was con-
structed (movie S18) to measure the force required to successfully 
actuate the mattress from one state to the next with the 220-lb 
(99.79-kg) dummy lying on top (Fig. 6A) using the configuration 
of balancing springs shown in Fig. 3D as detailed in Materials 
and Methods. A force of 19 lbf (84.5 N) was found to work >90% 
of the time (Fig. 6, B to D).

DISCUSSION
The actuator bed study of this work demonstrated that AP devices 
with checkerboard-like surface patterns that impart higher peak 
pressures are generally more likely to prevent PUs than those that 
aim to minimize peak pressures. This finding results from the fact 
that surface patterns that achieve higher peak pressures tend to also 
produce lower APO (Fig. 4C) and APO sensitivity (Fig. 4D) values 
when the pattern is alternated. The study also found that AP devices 
that achieve larger differences in loading and off-loading pressures 
when alternated between their different states of pressure also tend 
to be more effective at preventing PUs in that they also tend to re-
duce APO (fig. S21).

It may seem to be an unfortunate finding that, to reduce a pa-
tient’s APO and APO sensitivity, it is simultaneously necessary to 

provide the patient with an AP mattress that imparts higher peak 
pressures, because intuitively one would think that higher pressures 
are harmful in preventing PUs. However, recent studies conducted 
on living participants found that higher peak pressures that are al-
ternated with lower off-loading pressures imparted at a single point 
on the sacrum can produce improved blood perfusion in the skin 
(9), even when compared with lower pressures that are held con-
stant (8). Such peak pressures should, however, not approach pres-
sures that could cause immediate bruising or damage to skin and 
must be alternated with sufficient frequency to allow the neces-
sary occlusion relief. More studies are necessary to definitively 
identify what that frequency should be for a given patient, but 
regardless of its value, the cycle time does not affect the design of 
the AP-compliant mechanism mattress of Fig. 1B or the results of 
the actuator bed study for the reasons detailed in the Supplemen-
tary Materials. Thus, cycle time is not a focus of this work. Last, despite 
these findings, it remains advisable to minimize the peak pressures 
imparted by AP devices for the sake of comfort so long as those peak 
pressures are high enough to eliminate APO for OPT values be-
tween 20 and 40 mmHg.

The AP-compliant mechanism mattress, designed and fabricated 
using the results of the actuator bed study, achieved an APO that is 
34 times smaller than the APO achieved by a standard foam pad at 
an average OPT of 32 mmHg. That APO remained low compared 
with the foam pad regardless of how the bed frame was elevated. 
Balancing springs reduced the load required to actuate the mattress 
to <9% of the user’s weight. These results indicate the promise of the 
AP mattress introduced.

Fig. 5. Comparison between the compliant-mechanism mattress and the foam pad. Pressure data taken (A) from the compliant-mechanism mattress’s two alternat-
ing states and (B) from the foam pad for when the dummy was placed in one of the 10 different locations on each support surface. A comparison of (C) the peak pressures 
and (D) the APO plotted against the OPT as measured from the compliant-mechanism mattress and the foam pad during each of their 10 dummy-relocation trials. Thus, 
the box plot of (C) was generated using a sample size of 10. The central marks represent the median values, the bottom and top edges of the boxes represent the 25th and 
75th percentiles, respectively, and the lower and upper whiskers represent the minimum and maximum values, respectively. The solid lines in (D) represent the mean APO, 
and the shaded areas represent 1 SD calculated from the sample size of 10. (E) A comparison of the APO at an OPT of 32 mmHg measured from the mattress in its two 
stable states and from the foam pad as the bed frame was raised over a range of angles. As the head portion of the bed frame is raised an amount, θ, the knee portion is 
coupled to raise with a 3:2 head-to-knee angle ratio. Scale bars, 10 inches (25.4 cm) [(A) and (B)].
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MATERIALS AND METHODS
Mattress flexure hinges
This section describes how the mattress prototype of  Fig.  1B was 
made to achieve robust flexure hinges (Fig. 2A) at the junctions of 
each of its panels’ rigid bodies so that it could successfully deform 
over large ranges of motion while supporting the weight of patients 
when actuated from one stable state to the next (movie S3). Long 
metal shims were cut, bent, and punched before being inserted in-
side thin slots fabricated within the rigid parts that constitute each 
panel (fig. S4A). Plugs with matting slots were press-fit inside the 
struts and bases of the panels using Gorilla Clear Grip contact adhe-
sive to keep the metal shims in place. Bolts and mating nuts were 
used with Gorilla 5-min epoxy to firmly attach the two ends of the 
metal shims inside the slots on either end of the top bars within each 
panel. All of the parts, colored with a yellow hue in fig. S4A, were 
additively fabricated from Vanilla White Prusament polylactic acid 
(PLA) filament using a Prusa i3 MK3S+ 3D printer. The metal shims 
were 1095 spring steel strips that were 1 inch (2.54 cm) wide and 
0.002 inches (0.005 cm) thick (fig.  S4B). They were permanently 
bent in place using a USATCO Bendito 1824 sheet metal brake, and 
their bolt holes were punched using a McMaster-Carr compact por-
table lever-operated hole punch 3461A22. In this way, the metal 
shims were able to produce robust, tear-resistant flexure hinges that 
successfully achieved relative rotational degrees of freedom (DOFs) 
between each panel’s rigid bodies over sufficiently large ranges of 
deformation without yielding (fig. S4C).

Mattress side flexures
This section explains the design, fabrication, and function of the 
mattress’s side flexures, labeled in  Fig.  2E (movie S6). These side 
flexures consist of two repeating patterns of four metal blade flexure 

units that join each panel section together along the length of the 
mattress on both of its sides (fig. S9A). The panels were inserted 
between the side flexure units using double-diamond press-fit 
features, as shown by the red arrows in fig. S9A. In each of the 
side flexure’s units (fig.  S9B), one pair of 0.015-inch-thick 
(0.038-cm-thick) blade flexures (50), made of 1095 spring steel, join 
a panel section to an intermediate rigid body that was then serially 
joined to the neighboring panel section by another pair of blade 
flexures. These flexures were press-fit and glued using Gorilla clear 
grip contact adhesive inside slots within their rigid bodies, which 
were additively fabricated from Vanilla White Prusament PLA fila-
ment using a Prusa i3 MK3S+ 3D printer. Each pair of blade flex-
ures permits a single rotational DOF only along a common axis that 
is located on the top surface of the mattress when it is actuated to 
one of its two stable states (Fig. 2E). The axis is centered between the 
unit’s two panels and is parallel to the direction along their length. 
The blade flexures enforce this DOF because the planes on which 
they lie all intersect along the DOF’s rotational axis as shown 
in Fig. 2E. Thus, because each pair of blade flexures achieves a re-
dundant rotational DOF in their serially configured unit (fig. S9B), 
when the units are combined (fig. S9C), they can collectively deform 
substantial amounts about their axes in either direction without 
yielding. Thus, the side flexures permit the mattress to be lowered 
(fig. S10A) and raised (fig. S10B) in both the head and knee portions 
regardless of where the bed frame’s joints may be located or how the 
mattress may be positioned on any bed frame design.

It is important that the axes of rotation enforced by the side flex-
ures be positioned on the top surface of the mattress when it is actu-
ated to either of its stable states as shown in Fig. 2E for three reasons. 
First, the farther the rotational axes are above or below the mattress 
surface, the more the top of the panels will displace toward or away 

Fig. 6. Measuring the load required to actuate the mattress with balancing springs. (A) The experimental setup used to measure the load required to actuate the 
compliant-mechanism mattress consisted of a whippletree system of pulleys and cords that uniformly pull on the mattress’s foam pad according to the weight placed in 
the bucket. (B) The pulling loads observed for 60 different experiments when the mattress was equipped with an optimal number and arrangement of balancing springs. 
The same successful and failed actuation data plotted as (C) a histogram and (D) a logistic regression curve. Scale bar, 5 inches (12.7 cm) (A).
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from each other as the mattress is raised or lowered and thus the 
more pinching and/or shearing the patient will experience. Thus, to 
reduce this pinching and shearing as much as possible, it is impor-
tant that the axes lie on the top surface of the mattress when it is 
actuated to one of its two stable states (that is, the configuration of 
the mattress when a patient is lying on it as it is being raised or low-
ered). Second, it is important that the rotational axes are located in 
this way so that the desired pitch of the checkerboard-like undulat-
ing surface pattern changes as little as possible as the mattress is 
raised or lowered. Last, it is important that the rotational axes lie on 
the mattress’s top surface so that the stretch-resistant straps, labeled 
in Fig. 2E, are not forced to attempt to stretch as the knee portion of 
the mattress is raised. The straps, which are threaded through slits in 
each of the panels’ top bars (fig. S6A), should be as stretch resistant 
as possible so that all of the panels are coupled together and are thus 
forced to actuate in the same direction. After the head and knee por-
tions of the mattress are raised, it is important that the mattress can 
still be actuated to either of its stable states and exhibit the desired 
alternating checkerboard-like surface pattern without jamming 
(movie S7).

Actuators used to automate the actuation of the 
compliant-mechanism mattress
This section describes how linear actuators are used to automate the pro-
cess of switching the mattress between its two stable states (movie S9). 
An example linear actuator is shown attached to a portion of a 
mattress panel in fig. S12A. The actuator is a P16-P linear actuator 
with feedback from Actuonix Motion Devices. Its range is 150 mm, 
its maximum axial load capacity is 300 N, its maximum speed is 
4.8 mm/s, and its gear ratio is 256:1. It attaches to the panel’s base at 
one end and to one of the panel’s struts on the other end. As it ex-
tends or contracts, it drives the panel to the right (fig. S12B) or to the 
left (fig. S12C) side, respectively. So long as the mattress is equipped 
with the optimal number and arrangement of balancing springs ac-
cording to the patient’s weight and height, only a few of these low-
powered actuators spaced regularly throughout the mattress’s panels 
are necessary to actuate the mattress with the patient lying on top. 
The actuator in fig. S12A joins to the panel using special attachments 
(fig. S12D), which were additively fabricated from ESUN Red PLA+ 
filament using a Prusa i3 MK3S+ 3D printer. The attachments con-
sist of two pairs of opposing parts that are bolted together onto 
the panel’s base or strut. They use flexures (50) that accommodate 
assembly imperfections and help prevent the actuators from experi-
encing harmful off-axis loads. They also allow more compliance in 
the panels that are connected to the actuators whether they are ex-
tending, contracting, or are locked in place.

Actuator bed’s constituent parts and control electronics
This section describes the parts and control electronics that consti-
tute the actuator bed (Fig. 1A) used to study the approach of alter-
nating pressure to prevent PUs. A computer-aided design (CAD) 
model of the assembled actuator bed with its various constituent 
parts is shown in fig. S13, and an exploded view of the parts is shown 
in fig. S14. The actuator bed’s supporting structure is mounted on 
caster wheels and consists of T-slot aluminum framings with rail 
dimensions of 1.5 inches by 1.5 inches (3.81 cm by 3.81 cm). Two 
0.25-inch-thick (0.635-cm-thick) aluminum plates are secured to 
the framings using aluminum brackets. A waterjet was used to cut 
holes in the two aluminum plates to align and fix 1260 12-V electric 

linear microactuators (Progressive Automations, PA-07-4-5) be-
tween them. The shaft of these actuators can extend and contract 
over a range of 4 inches (10.16 cm), can travel with a maximum 
speed of 0.6 inches/s (1.52 cm/s), and can exert a dynamic load of 
5 lbf (22.24 N). The actuators are arranged side by side with a center-
to-center spacing of 1 inch (2.54 cm) between neighboring actuators 
along both the row and column directions, which correspond to the 
x and y axes labeled in the coordinate system of fig. S13, respectively. 
The shaft of each actuator is fitted with a cap, which was additively 
fabricated from Vanilla White Prusament PLA filament using a Pru-
sa i3 MK3S+ 3D printer. These caps were designed to more evenly 
spread out the pressures between the ends of the actuator shafts to 
more closely mimic a continuous surface because it was not possible 
to move the actuators any closer together. Each actuator is con-
nected to a pluggable terminal block on custom-designed actuator-
controller (fig. S14) printed circuit boards (PCBs) (fig. S15A), which 
are equipped with motor drive integrated circuits (ICs) and protec-
tive circuits. Each PCB is, in turn, connected to several 50-A 12-V 
power supplies (Meishile) (fig. S14) and connected to two custom-
ized Arduino shield column controllers (fig. S15B) or two custom-
ized Arduino shield row controllers (fig. S15C) for column and row 
control, respectively. The motor driver ICs (EG Micro, EG27324) 
feature INA and INB pin inputs with shutdown function pins 
(fig. S15A). The INA and INB pins of each IC that control the actua-
tors within the same column are interconnected and joined to two 
other ARM microcontrollers (Arduino Due) through insulation-
displacement contact (IDC) connectors on two custom-designed 
Arduino shield column controller PCBs (fig. S15B). Similarly, the 
shutdown function pins of each IC that control the actuators within 
the same row are interconnected and joined to two ARM microcon-
trollers (Arduino Due) via screw terminals on two custom-designed 
Arduino shield row controller PCBs (fig. S15C). These four micro-
controllers are subsequently connected to a computer wirelessly via 
Digi XBee modules integrated into the shields. Other peripheral 
components on the PCBs, including the diodes, capacitors, resistors, 
and light-emitting diodes, serve the purpose of circuit protection, 
filtering (decoupling and bypassing), power indicator lighting, and 
current limiting.

Foam pad, pressure-sensing mat, and dummy details
This section provides the details regarding the three items placed on 
top of the actuator bed (fig. S17A) as part of the actuator bed study 
of this work. The first item, placed on top of the actuator bed, was a 
1-inch-thick (2.54-cm-thick) low-density foam pad (fig. S17B). The 
next item, placed on top of the foam pad, was a pressure-sensing 
mat from Xsensor (PX100:64.160.02) (fig. S17C). The mat consists 
of 160 rows and 64 columns of pressure-sensing pixels (10,240 pixels 
in total). Each pixel is 0.5 inches by 0.5 inches (1.27 cm by 1.27 cm) 
in size and can sense pressures ranging between 10 and 256 mmHg. 
The final item placed on top of the pressure-sensing mat was an ana-
tomically correct dummy placed in the supine position (fig. S17D). 
The dummy is a 220-lb (99.79-kg) perma-gel male-body ballistic 
dummy purchased from the Ballistic Dummy Lab.

Mattress constituent parts and fabrication details
This section discusses the parts that constitute the AP mattress pro-
totype of this work (Fig. 1B) and explains how the parts were fabri-
cated. Excluding balancing springs (Fig.  3A), the 23 unique parts 
that constitute the mattress are shown in fig. S27A along with the 
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number corresponding to how many of each of those parts were 
made and assembled within the prototype. The six unique parts that 
constitute each kind of balancing spring (that is, the left-handed and 
right-handed balancing springs) are shown in fig. S27B along with 
the number corresponding to how many of each of those parts were 
made and assembled within each balancing spring used.

The mattress’s total part count and fabrication/assembly effort 
will be markedly reduced for the final product when its constituent 
parts are injection molded and assembled like building blocks using 
press-fit joints as discussed previously. The current prototype’s parts, 
shown with a yellow hue in fig. S27A and fig. S27B, were all fabri-
cated from Vanilla White Prusament PLA filament using a Prusa i3 
MK3S+ 3D printer. The metal parts, shown with a blue hue in the 
same figures, are all made of 1095 spring steel. Each of the four 
steel strips (fig. S27B), which were stacked to collectively form the 
compliant portion of each balancing spring (Fig. 3A), is 0.01 inches 
(0.0254 cm) thick and 0.75 inches (1.905 cm) wide. They were per-
manently bent in place using a USATCO Bendito 1824 sheet metal 
brake, and their bolt holes were punched using a McMaster-Carr 
compact portable lever-operated hole punch 3461A22. The small 
gray cylinders, shown in fig. S27A and fig. S27B, are nickel-plated 
neodymium magnets that were inserted within the posts of the mat-
tress as shown in fig. S4A and within the mating ends of the balanc-
ing springs shown in Fig. 3A using Gorilla 5-min epoxy. The gray 
socket head screws and nuts, shown in fig. S27A and fig. S27B, are 
both made of steel. Last, the black straps (fig. S27A, Fig. 2E), which 
were threaded through the slits of each of the mattress’s top bars 
(fig.  S6A), are made of 0.048-inch-thick (0.12-cm-thick) and 
0.5-inch-wide (1.27-cm-wide) polypropylene webbing.

Experimental setup for characterizing the 
mattress’s performance
This section describes the setup (Fig. 5A) used to collect the pres-
sure data from the AP mattress of this work. The setup began with a 
bed frame (Drive Medical Delta Ultralight 1000 Full-Electric Bed, 
15033) shown in fig. S28A. A series of wooden planks that are joined 
together by straps made of duct tape was then placed on the bed 
frame (fig. S28B) followed by the AP mattress (fig. S28C). The mat-
tress required these planks so that its underside could freely slide on 
their continuous low-friction surface as the bed frame’s head and 
knee portions were raised and lowered. Without these planks, the 
mattress’s panels and side flexures could get stuck on the uneven 
surface of the bed frame as it was raised and lowered. Last, the same 
foam pad (fig. S28D), pressure-sensing mat (fig. S28E), and dummy 
(fig. S28F), which were used for the actuator bed study of this work, 
were placed on the AP mattress in that order. A CAD image of the 
planks of fig. S28B is shown in fig. S29. Note that the straps inter-
weave above and below neighboring planks in succession to achieve 
rolling-contact joints (55) between the circularly rounded sides of 
the planks. In this way, each plank can rotate relative to its neighbor 
without slipping and can thus articulate along the contour of the bed 
frame as it is raised and lowered. Last, note that no balancing springs 
were used within the mattress prototype while collecting the data 
of Fig. 5 because decreasing the load required to actuate the mattress 
was not relevant to the data collected for the plots of that figure. 
In addition, by not including balancing springs, an extra variable of 
complexity was removed from the data collection process, and all of 
the struts within the mattress panels were guaranteed to fully engage 
their corresponding hard stops.

Experimental setup for comparing the performance of the 
foam pad and mattress
This section describes the setup (Fig. 5B) used to collect the pres-
sure data from a standard foam pad as a benchmark comparison 
with the pressure data collected from the AP mattress of this work. 
The setup began with the same bedframe used for the experimental 
setup of the mattress (fig. S28A). Large stiff wooden boards were 
then clamped onto the bed frame (fig. S30A) to prevent the uneven 
surface of the bed frame’s springs from affecting the pressure data 
collected from the foam pad. The clamps used were fabricated from 
Prusa Silver PLA filament using a Prusa i3 MK3S+ 3D printer. Last, 
the same foam pad (fig.  S30B), pressure-sensing mat (fig.  S30C), 
and dummy (fig. S30D), which were used for the experimental set-
up of the mattress, were placed on the clamped wooden boards in 
that order.

Measuring the mattress’s actuation force with balancing 
springs applied
This section describes the experimental setup used to measure the 
load required to actuate the compliant-mechanism mattress with 
balancing springs attached to its panels (movie S18). The measured 
results are also provided and discussed. The experimental setup was 
the same as that described in fig.  S28F, with some key additional 
components included. The most important of those components 
were the balancing springs of Fig. 3A arranged within the mattress 
as shown in Fig. 3D. These springs were selected and placed within 
the mattress to optimally reduce the load required to actuate the 
mattress with the dummy lying on top. Care was taken to ensure 
that all of the supporting struts within the mattress’s panels under-
neath the dummy engaged their hard stops but did so as gently as 
possible (that is, with the smallest achievable reaction load from the 
hard stops). A system of cords and pulleys was also constructed to 
the side of the mattress, as shown in Fig. 6A, to actuate it from one 
of its stable states to the other. Specifically, the system consists of 
T-slotted anodized aluminum framing, black elastic braided latex 
cords, ASNOMY V-groove casters that behave as pulleys, and white 
Delrin acetal resin tubing bars that all join within a whippletree-like 
mechanism that attaches to a hanging bucket in which weights 
could be placed to load the mattress. Eight cords on the other end of 
this actuation system were clipped to the foam pad underneath the 
pressure-sensing mat and dummy. These cords would each impart 
an equally distributed lateral load on the pad that collectively loaded 
the mattress with a force equal to the weight of the bucket and the 
weights placed inside.

A variety of weights were placed in the bucket to achieve dif-
ferent pulling loads on the mattress for 60 different actuation ex-
periments. For each experiment, the mattress was shifted to the 
stable position on the side farthest away from the actuation sys-
tem, as shown in Fig. 6A, by manually pulling on the dummy. The 
dummy was then released to identify whether the pulling load 
from the bucket was sufficiently high to successfully actuate the 
mattress to its other stable state on the side next to the actuation 
system. Actuation successes and failures were noted for each of 
the 60 experiments at each pulling load attempted and are plot-
ted in Fig. 6B. Note from this plot that pulling loads of ≥19 lbf 
(84.5 N) have a 90 to 100% chance of successfully actuating the 
mattress with the 220-lb (99.79-kg) dummy lying on top. The 
same data are plotted as a histogram in Fig. 6C and as a logistic 
regression curve in Fig. 6D.
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Statistical analysis
The mean, SD, and sample sizes of the data plotted in Figs. 4 and 5 
are provided in their figure captions. The mean, SD, and sample 
sizes of the data plotted in figs. S22, S23, and S25 are provided in the 
Supplementary Materials in their figure captions.

Supplementary Materials
The PDF file includes:
Materials and Methods
Figs. S1 to S32
Captions for movies S1 to S18
Captions for software S1 to S3

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S18
Software S1 to S3
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