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Abstract—The healthcare industry has placed significant effort
on reducing pressure injuries as they often occur while patients
are seeking treatment for an unrelated condition, lengthen the
stay of the patient, impact treatment options, are extremely
painful, and can result in death. Current work has shown that an
increase in nursing care can reduce pressure injury occurrence,
but increased nursing care is not sustainable. The Braden Scale
is the current method of stratifying patients by risk of forming
a pressure injury, but previous work has shown that the Braden
Scale is not an accurate predictor of pressure injury formation.
We present an objective mobility measure of pressure injury
risk that can be used in addition to the Braden Scale using
a wearable pressure-sensing device. By assessing the current
pressure readings in real-time we can determine when a patient
is mobile and present this data to the clinic. In future we aim to
use this mobility measurement in a Cloud-based system that can
compare the mobility measurements to similar patients to assess
risk with increased accuracy.

Index Terms—pressure injury prevention, connected health,
pressure sensing, objective health

I. INTRODUCTION

Pressure injuries are a current unsolved burden in health-
care. More than 90% of pressure injuries occur while patients
seek treatment for other conditions [1] and in the U.S. every
year there are over 2.5 million patients affected at a cost of
$11 billion [2]. In addition pressure injuries are “never events”,
meaning they should never occur in healthcare, and have a big
impact on quality of life as they cause severe pain, treatments
are painful and uncomfortable, and they impact the social life
of the patient [3] [4].

The current standard of care is to assess the patient’s risk
of forming a pressure injury using the Braden Scale [5] and
set a periodic schedule to rotate high-risk patients [6]. The
Braden Scale as well as other proposed risk assessment scales,
e.g. Norton [7], Waterlow [8], and Cubbin and Jackson [9],
have been shown to be ineffective at predicting pressure injury
occurrence [10]. It has also been shown that rotating a patient

does not always relieve pressure [11] [12], meaning additional
tools may be needed to assess whether a turn is effective.

A popular, proposed many times over, solution are beds that
can adjust to or control the patient, defined as Support Surfaces
by the National Pressure Ulcer Advisory Panel (NPUAP) [13].
Support Surfaces are heavily studied and are more effective
at reducing pressure injuries when compared to a hospital
mattress, which is not well-defined, but a sheepskin overlay
is also more effective at reducing pressure injuries when
compared to a hospital mattress and at a much lower cost
than a Support Surface [14].

Studies have shown that if you increase care pressure injury
incidence can be reduced [15] [16]. But, this method of
reducing pressure injuries does not seem sustainable in the
U.S. as it does not scale with an increase in patients as
the Baby Boomer generation ages and a nursing shortage is
predicted because of the reduction in nursing graduates [17].

A viable alternative to focus nursing attention is to use
sensing strategies to objectively measure pressure injury risk.
Such a method can both stratify patients into risk groups and
also present information to the healthcare staff that inform
future actions, such as an objective mobility measurement or
tracking the posture of the patient. We use the word posture
as in the literature as a way to classify positions in bed. Some
of the more common postures can be seen in Figure 1.

In this paper we generate objective analytics from a novel
wearable pressure-sensing device that can be calculated and
displayed to healthcare staff in real-time. The proposed system
can be used to determine pressure injury risk of a patient.
We will compare and contrast this work with other related
work in Section II. We will discuss the design of the wearable
pressure-sensing device and the experiment design in Section
III. In Section IV we will discuss how we analyzed the data
to construct a best-fit plane. In Section V we discuss how we
used the best-fit plane to assess the mobility of a patient. In
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Fig. 1: Common postures used in pressure injury and sleeping
analysis

Section VI we discuss how we used the best-fit plane to assess
the posture of the patient. In Section VII we discuss how to
apply the analysis to a real-time system. We discuss future
work in Section VIII and we conclude in Section IX.

II. RELATED WORK

New technologies are being developed to prevent pressure
injuries. Some of these technologies could be used in conjunc-
tion with our sensing and others offer different trade offs. The
are two current commercialized sensing strategies: Continuous
Bedside Pressure Mapping (CBPM) and Inertial Measurement
Unit (IMU) monitoring. Two other very promising strategies
are limb-identification algorithms that can track the amount
of pressure per limb as the patient rotates and skin integrity
monitoring.

CBPM uses a pressure sensing mattress overlay to monitor
the real-time interface pressure of a patient on a mattress.
In this way healthcare staff can use the real-time visual to
assess the repositioning of the patient. Two controlled trials
have been performed using CBPM and a lower incidence of
pressure injuries was reported [18] [19], but a Randomized
Controlled Trial showed no reduction in pressure injuries using
CBPM [20]. This system may help with repositioning, but the
current software does not assess the risk of the patient meaning
healthcare staff would still spend the same amount of time per
patient making it not sustainable. These systems can also be
expensive because of the number of sensors required to make
the pressure sensing mattress overlays.

IMU monitoring uses accelerometers, gyroscopes, and
sometimes magnetometers to track the movement and ori-
entation of a patient. IMU monitoring was clinically tested
in a Randomized Controlled Trial and found that turning

compliance, the reliability that healthcare staff turn a patient
at a designated periodic time, increased [21]. This sensing
strategy is inexpensive and could possibly be used to stratify
patients based on risk using the level of mobility of a patient.
The advantage of using a wearable pressure sensor is the
same mobility can also be tracked and in addition pressure
accumulation can also be tracked as it is established that it is
pressure over time that correlates to pressure injuries [22].

A software-based approach using the same pressure sensing
mattress overlay as in CBPM can be used to identify the limbs
of a patient making it possible to track the amount of pressure
per body part over time [23] [24] [25] [26] [27]. This solution
offers the highest granularity of risk as each individual limb
can be assessed, but the pressure overlay is expensive and how
this data would be used in a clinical setting has not yet been
evaluated. A wearable pressure sensor offers a subset of the
abilities as pressure limb-tracking as individual areas of the
body can be tracked where a wearable is placed at a much
lower cost.

Skin integrity monitoring aims to determine the health of the
skin, which can be used to detect the formation of a pressure
injury or track the healing progress of a pressure injury. A
hand-held scanner was developed and tested [28] as well as
two bandages [29] [30]. This type of monitoring offers the
benefit of assessing skin health, but it is limited to the area
being monitored and currently does not offer a way to stratify
patients based on the risk of forming a pressure injury. A
wearable pressure sensor can offer stratification of patients
and in addition monitor the pressure at a location.

There are also many other types of monitoring that can
be used assess pressure inury such as temperature and hu-
midity, blood flow, biomarker, electrocardiography, camera,
ultrasound, and others [31]. But, these works currently are too
preliminary to compare and contrast with a wearable pressure
sensor.

III. WEARABLE PRESSURE-SENSING DEVICE DESIGN
AND DATA COLLECTION

Interface pressure was measured using a wearable pres-
sure sensing array placed between a Mepilex Border Sacrum
(Mölnlycke Health Care, Gothenburg, Sweden) adhesive
wound dressing and Tegaderm (3M, Maplewood, USA) trans-
parent film dressing. The sensing array consisted of circular
(1cm diameter) flexible piezoresistive pressure sensors (Micro
Deformable Piezoresistive “Uneo” sensors; Uneo Inc., New
Taipei City, Taiwan) placed in a 4x4 array with 1 cm spacing
between each cell. These 16 cells were connected using 8
traces (4 vertical, 4 horizontal), which were routed through
a 30 cm flexible cable to a printed circuit board. The PCB
(Printed Circuit Board) consisted of a voltage divider circuit
with fixed 10k ohm resistors in series with the variable
pressure sensor resistors. The change in pressure sensors’
resistance was measured using a microcontroller and Bluetooth
transmitter/receiver chip (BLE 112 module; Silicon Labs,
Austin, USA), which scanned and transmitted (frequency =
1 Hertz) the measurements to an iPad mini 2 (Apple Inc.,



Fig. 2: Wearable pressure sensor
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<latexit sha1_base64="tqLDgf7zb+0hs4acAdlffkLPV8g=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyqqMeiF48V7Ae0S8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqpmfQy/3LSK1e8qjcDXiZ+TiqQo94rf3X7iqYxk5YKYkzH9xIbZERbTgWblLqpYQmhIzJgHUcliZkJstm1E3zilD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ug4yLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQyYXgL768TJpnVf+86t1fVGo3eRxFOIJjOAUfrqAGd1CHBlB4hGd4hTek0At6Rx/z1gLKZw7hD9DnDz00juY=</latexit>

x
<latexit sha1_base64="T81e0FN4eiLN0l7csieDRUgh6Jc=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68diC/YA2lM120q7dbMLuRiyhv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGivVn3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveRcWtX5arN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD5uOM/g==</latexit>

y
<latexit sha1_base64="cs1Q9fet/6GNtc+Tzw/y6WCTX8Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0Io/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHkyXoR3QoecgZNVZqZP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03Mf6EKsOZwGmpl2pMKBvTIXYtlTRC7U/mh07JmVUGJIyVLWnIXP09MaGR1lkU2M6ImpFe9mbif143NeGNP+EySQ1KtlgUpoKYmMy+JgOukBmRWUKZ4vZWwkZUUWZsNiUbgrf88ippXVS9y6rbuKrUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kD6GeM/w==</latexit>

(a) Layout

p2
<latexit sha1_base64="HJItUTMcoxuGttwy8JDrjhFnwto=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPRr/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8Slq1qndRde8vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gABro2b</latexit>

p1
<latexit sha1_base64="54+brRXuGR/swZkdCk5WB1lfd00=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh6Tv9csVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqndZde9rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwAAKo2a</latexit>

p3
<latexit sha1_base64="7xva1qbv7D37budyFN5ofECgEJY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0msoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPRr/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVa9Wde8vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gADMo2c</latexit>

p4
<latexit sha1_base64="hqQA8Kft+q9PtGnxfooYMs3F7/M=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPRr/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+y6t7XKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAEto2d</latexit>

p5
<latexit sha1_base64="90fl8B+Zlg4xn2WAXXd1nLYQUOE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmgckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1iOOE+xEdKBEKRtFKD0nvsleuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophtd+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVb3zqnt/Uand5HEU4QiO4RQ8uIIa3EEdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcGOo2e</latexit>

p6
<latexit sha1_base64="xV4WqXlT5h/G+ICoXceXieEIQsc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ9K77JUrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4bWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+86t5fVGo3eRxFOIJjOAUPrqAGd1CHBjAYwDO8wpsjnRfn3fmYtxacfOYQ/sD5/AEHvo2f</latexit>

p7
<latexit sha1_base64="UvLhtdnqySe9KvDr2sTD4PBTVX4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPRr/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+y6t5fVeo3eRxFOIFTOAcPalCHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAJQo2g</latexit>

p8
<latexit sha1_base64="L583fmfrBvvnBmNBYjkT/o+IWzs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUsMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPRr/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NWPMzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2LqndZde+vKvWbPI4inMApnIMH11CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAKxo2h</latexit>

p9
<latexit sha1_base64="awD9lJDfFvIGprRt/4G6Oyg6Rb4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUUG9FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1iOOE+xEdKBEKRtFKD0nvuleuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVb3zqnt/Uand5HEU4QiO4RQ8uIQa3EEdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcMSo2i</latexit>

p10
<latexit sha1_base64="dYlu4CgjN7xobmwflm/lNBIrYqk=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0V9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopMaSTcL/Em3VPYr/gxkmQQ5KUOOWrf01elplsZcIZPU2nbgJxhm1KBgkk+KndTyhLIRHfC2o4rG3IbZ7NoJOXVKj/S1caWQzNTfExmNrR3HkeuMKQ7tojcV//PaKfavw0yoJEWu2HxRP5UENZm+TnrCcIZy7AhlRrhbCRtSQxm6gIouhGDx5WXSOK8EFxX//rJcvcnjKMAxnMAZBHAFVbiDGtSBwSM8wyu8edp78d69j3nripfPHMEfeJ8/NBaO4A==</latexit>

p11
<latexit sha1_base64="c5JPAjmCCSFmULiF0fiDaYeI8Vg=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0V9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopMaSTcLgkm3VPYr/gxkmQQ5KUOOWrf01elplsZcIZPU2nbgJxhm1KBgkk+KndTyhLIRHfC2o4rG3IbZ7NoJOXVKj/S1caWQzNTfExmNrR3HkeuMKQ7tojcV//PaKfavw0yoJEWu2HxRP5UENZm+TnrCcIZy7AhlRrhbCRtSQxm6gIouhGDx5WXSOK8EFxX//rJcvcnjKMAxnMAZBHAFVbiDGtSBwSM8wyu8edp78d69j3nripfPHMEfeJ8/NZuO4Q==</latexit>

p12
<latexit sha1_base64="782U/zRPcLZOzKd5/8yN6aQEZgw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgh6LXjxWsB/QLiWbZtvYbBKSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3n6g2TIoHO1E0TPBQsJgRbJ3UUv0sqE375Ypf9edAqyTISQVyNPrlr95AkjShwhKOjekGvrJhhrVlhNNpqZcaqjAZ4yHtOipwQk2Yza+dojOnDFAstSth0Vz9PZHhxJhJErnOBNuRWfZm4n9eN7XxdZgxoVJLBVksilOOrESz19GAaUosnziCiWbuVkRGWGNiXUAlF0Kw/PIqadWqwUXVv7+s1G/yOIpwAqdwDgFcQR3uoAFNIPAIz/AKb570Xrx372PRWvDymWP4A+/zBzcgjuI=</latexit>

p13
<latexit sha1_base64="U3czM7GxIqUb3e4whckVz0wj0oQ=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9m1gh6LXjxWsB/QLiWbZtvYbBKSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3n6g2TIoHO1E0TPBQsJgRbJ3UUv0sqE375Ypf9edAqyTISQVyNPrlr95AkjShwhKOjekGvrJhhrVlhNNpqZcaqjAZ4yHtOipwQk2Yza+dojOnDFAstSth0Vz9PZHhxJhJErnOBNuRWfZm4n9eN7XxdZgxoVJLBVksilOOrESz19GAaUosnziCiWbuVkRGWGNiXUAlF0Kw/PIqaV1Ug1rVv7+s1G/yOIpwAqdwDgFcQR3uoAFNIPAIz/AKb570Xrx372PRWvDymWP4A+/zBziljuM=</latexit>

p14
<latexit sha1_base64="FKUYk3pGHHj4nizXQ2Pkr3+sss8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVgh6LXjxWsB/QLiWbZtvYbBKSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3n6g2TIoHO1E0TPBQsJgRbJ3UUv0sqE375Ypf9edAqyTISQVyNPrlr95AkjShwhKOjekGvrJhhrVlhNNpqZcaqjAZ4yHtOipwQk2Yza+dojOnDFAstSth0Vz9PZHhxJhJErnOBNuRWfZm4n9eN7XxdZgxoVJLBVksilOOrESz19GAaUosnziCiWbuVkRGWGNiXUAlF0Kw/PIqaV1Ug8uqf1+r1G/yOIpwAqdwDgFcQR3uoAFNIPAIz/AKb570Xrx372PRWvDymWP4A+/zBzoqjuQ=</latexit>

p15
<latexit sha1_base64="IvX0WPZvTLJHIRmHm2s7KIUH2vw=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWZ8oMuiG5cV7APaoWTSTBubSYYkI5Sh/+DGhSJu/R93/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9oGpVqyhpUCaXbITFMcMkallvB2olmJA4Fa4Wj26nfemLacCUf7DhhQUwGkkecEuukZtLL/MtJr1zxqt4MeJn4OalAjnqv/NXtK5rGTFoqiDEd30tskBFtORVsUuqmhiWEjsiAdRyVJGYmyGbXTvCJU/o4UtqVtHim/p7ISGzMOA5dZ0zs0Cx6U/E/r5Pa6DrIuExSyySdL4pSga3C09dxn2tGrRg7Qqjm7lZMh0QTal1AJReCv/jyMmmeVf3zqnd/Uand5HEU4QiO4RR8uIIa3EEdGkDhEZ7hFd6QQi/oHX3MWwsonzmEP0CfPzuvjuU=</latexit>

p16
<latexit sha1_base64="tqLDgf7zb+0hs4acAdlffkLPV8g=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyqqMeiF48V7Ae0S8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqpmfQy/3LSK1e8qjcDXiZ+TiqQo94rf3X7iqYxk5YKYkzH9xIbZERbTgWblLqpYQmhIzJgHUcliZkJstm1E3zilD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ug4yLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQyYXgL768TJpnVf+86t1fVGo3eRxFOIJjOAUfrqAGd1CHBlB4hGd4hTek0At6Rx/z1gLKZw7hD9DnDz00juY=</latexit>

x
<latexit sha1_base64="T81e0FN4eiLN0l7csieDRUgh6Jc=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68diC/YA2lM120q7dbMLuRiyhv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGivVn3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveRcWtX5arN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD5uOM/g==</latexit>

y
<latexit sha1_base64="cs1Q9fet/6GNtc+Tzw/y6WCTX8Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0Io/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHkyXoR3QoecgZNVZqZP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03Mf6EKsOZwGmpl2pMKBvTIXYtlTRC7U/mh07JmVUGJIyVLWnIXP09MaGR1lkU2M6ImpFe9mbif143NeGNP+EySQ1KtlgUpoKYmMy+JgOukBmRWUKZ4vZWwkZUUWZsNiUbgrf88ippXVS9y6rbuKrUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kD6GeM/w==</latexit>

(b) Layout with color-coded
coordinates

Fig. 3: Pressure sensor layout

Cupertino, USA) running an application written for this study.
Figure 2 shows the actual wearable pressure sensor used in
the study.

There were a total of five patients enrolled in the study.
The patient’s skin was observed for lesions, baseline docu-
mentation was performed, and the pressure sensitive wound
dressing was placed on the sacrum of the patient following
standard Mepilex application procedures. The end of the
flexible flat cable was plugged into the electronics box and a
coin cell battery was placed into the electronics box. The study
application was selected on the iPad and the patient’s study
number was entered into the application. Once the patient’s
number was entered into the application, the iPad connected
to the BLE112 and commenced data collection. Data was
collected until the dressing was changed (during which data
was not collected, but after which data collection resumed),
the patient left the ICU (Intensive Care Unit), or the patient
was disenrolled from the study.

IV. FITTING A PRESSURE PLANE

At every reading of the sensor we obtain one pressure read-
ing from each pressure location for a total of sixteen pressure
readings, where the relative position of each pressure location
is known as depicted in Figure 3. Our goal is to interpret this
data to infer the mobility and posture of the patient. We form
a best-fit linear plane to the sensors pressure readings and then
use the planar characteristics to infer movement and posture.

For the purpose of discussion we will define a cell as a
triple with the three values x, y, p, where x is the horizontal
location, y is the vertical location, and p is the pressure reading
at that x, y location.

We assign an x, y location at each cell and normalize the
three values x, y, p. x and y are normalized on assignment such
that the highest value of x and y is 1. The pressure values are
normalized such that the maximum possible pressure value
is 1. When we use the variables x, y, p in this paper we are
using the normalized values. As an example the four corner
cells have values of:

cell1 = (0, 0, p1), cell4 = (1, 0, p4),

cell13 = (0, 1, p13), cell16 = (1, 1, p16)

Given any three points we can form a plane. We formed
three new points by averaging x, y, p values in the following
manner:

threecell1 = average(cell1, cell2, cell3, cell4, cell6, cell7)

threecell2 = average(cell5, cell9, cell10, cell13, cell14)

threecell3 = average(cell8, cell11, cell12, cell15, cell16)

The cells chosen for each threecell is based on their spatial
locality. The averaging of the cells helps to form a best-fit
plane, but in addition it helps to eliminate some of the noise
captured by the pressure sensors. Figure 3 depicts a pictorial
presentation of the grouping.

From threecell we can form a plane by finding the normal
to the plane by performing the cross product of two vectors
in the plane. Using the normal and a point on the plane we
can then solve for the final value in the planar equation. The
following is the general planar equation and how the normal
relates to the general planar equation.

ax+ by + cz = d

n = (a, b, c)

A calculation to find the complete planar equation using
threecell is as follows:

~v12 = threecell2 − threecell1
~v13 = threecell3 − threecell1
n = ~v12 × ~v13
d = threecell1n

T

From the plane we are interested in two characteristics,
the xslope and yslope. Although we could use the x and y
slope directly for our mobility and posture analysis in the later
sections we instead use a new metric related to the x and y
slope we call the xangle and yangle, which are related to the
slope as follows:

xslope = −a/c
yslope = −b/c

xangle =
360

2π
arctan(xslope) (1)

yangle =
360

2π
arctan(yslope) (2)



The xangle and yangle give us a more intuitive way to think
about the rotation of the patient, although it is important to
keep in mind that we do not relate the degree of these metrics
to an actual degree of rotation the patient is experiencing, but
instead use it as a relative metric.

We verify our best-fit plane by calculating the Root Mean
Squared Error. Our results can be seen in Figure 4. Each
experiment lasted for a different amount of time and therefore
the graph time scales are not equivalent. Also a gap in data
means the sensor was disconnected for that period of time.

We see our best-fit plane is close to the actual values, but we
also do not expect the Root Mean Squared Error to be zero
as we are approximating the sensor information as a linear
plane, which may not always be accurate as current pressure
values may be better modelled as a quadratic, exponential,
logarithmic, etc. plane. In addition the process of forming the
best-fit linear plane we eliminate noise, which also contributes
to why our Root Mean Squared Error is not exactly zero. But,
overall the Root Mean Squared Error is mostly below 0.2,
which we believe is acceptable.

V. MOBILITY ANALYSIS

We are able to provide an objective mobility metric based
on the sensor readings. We will describe why mobility is an
important metric to monitor, the relation to the Braden Scale,
and our methods for calculating the metric.

We use the term mobility as defined in the Braden Scale [5],
the patient’s ability to change body position. The mobility
score can have one of four values. A one, “completely im-
mobile”, indicates the patient cannot change body position
without assistance. A two, “very limited”, indicates the patient
can make slight changes that are not frequent or significant.
A three, “slightly limited”, indicates the patient can make
frequent small movements. A four, “no limitations”, indicates
the patient can make significant changes frequently and inde-
pendently. We do not use the same scores in our results, but
we reproduce the mobility scale as a reference and for future
comparison.

Garcia-Fernandez et al conducted a study to determine the
top risk dimensions that cause pressure injuries from an expert
panel. The expert panel determined that mobility is in the
top five risk dimensions that lead to pressure injuries [32].
In addition Alderden et al. surveyed the literature and also
identified mobility as one of the top five risk factors for
pressure injuries [33].

We developed two metrics to assess mobility: move-
ments per minute, Movements/min, and movement strength,
Movement Strength. Both metrics are based on our defini-
tion of a movement. A movement is calculated by setting a
threshold on both the x and y angle gradients. We calculate the
gradient at location i, where i is the ith sample. In our case the
data is sampled at every second and therefore i corresponds
to the number of seconds. The gradient is calculated based on
the x and y angles as seen in Equations 3 and 4.

The x and y gradients are then combined into a singular
xygradient metric that does not differentiate between positive

and negative angle and the threshold of movement was defined
as xygradient(i) > 2 from visual inspection of the data.

xygradient(i) = max(|xgradient(i)|, |ygradient(i)|) (5)

In Figure 5 we show graphs of mobility based on actual
patient data. The y-axis is the calculated xygradient, but we
also label it as “Mobility” as the xygradient when graphed is
visually showing the change and strength of movements over
time. Below the legend of each graph we show the calcu-
lated metrics Movements/min and Movement Strength.
The metric Movements/min is the number of entries in
xygradient that have a value larger than 2 divided by the
number of minutes that have elapsed. Movement Strength
is the average of the xygradient values that are greater than 2.

movement =

{
True if xygradient > 2

False otherwise
(6)

The data in Figure 5 shows the mobility of five patients.
The length of each experiment varied, but for comparison
we display the first 24 hours of each experiment. For certain
segments of time no data is displayed, e.g. patient 2, patient
3, patient 4. This is either because the experiment was shorter
than 24 hours or the pressure-sensing device was disconnected
for a certain amount of time.

On each mobility graph we also mark with a red asterisk
where the patient was repositioned by healthcare staff to give
the reader a sense of which movements were made by the
patient and which were assisted. It is easy to see visually
how a higher Movements/min corresponds to more frequent
movements by the patient. Although we use the same length of
time to display the graphs for comparison the objective metrics
Movements/min and Movement Strength are calculated
based on the entire length of the experiment and only when
the device is connected.

VI. POSTURE ANALYSIS

We attempt to track the posture of the patient using the
xangle and yangle from Equations 1 and 2. We use the data
from a short experiment of a healthy volunteer that includes
reliable labels of posture. We first filter out movement based
on our definition from Equation 6. We then plot the xangle
and yangle against the labels.

The xangle and yangle will have a value of 0 when there is
an equal of amount of pressure across the sensor device. This
means in theory regardless of posture the xangle and yangle
can be 0. From our data we find often that there is a gradient
across the sensor and we attempt to use this to infer the posture
of the patient.

The intuitive expectation based on the orientation of the
sensor we would expect that when the xangle is negative the
patient is on their left side and when the xangle is positive the
patient is on their right side. When the patient is supine we
would expect an xangle close to 0. Likewise the yangle should
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Fig. 4: Root Mean Squared Error of patient data.

xgradient(i) =


xangle(i+ 1)− xangle(i) if i = 0

xangle(i)− xangle(i− 1) if i = last value
(xangle(i+ 1)− xangle(i− 1))/2 otherwise

(3)

ygradient(i) =


yangle(i+ 1)− yangle(i) if i = 0

yangle(i)− yangle(i− 1) if i = last value
(yangle(i+ 1)− yangle(i− 1))/2 otherwise

(4)

correspond to the amount of elevation the patient’s head is
above the patient’s back.

In Figure 6 we present our results using a healthy volunteer
experiment. We do not have enough data to evaluate the simple
intuitive analysis based on the sign of the xangle. With more
data if this approach does not work a Machine Learning
approach would be a natural analysis choice.

VII. APPLICATION TO A REAL-TIME SYSTEM

In the previous sections we present our analysis based on
collected data. Because we are using collected data we can
perform analysis, such as finding the max pressure of an
experiment, that is not possible in real-time. In this section
we will outline the types of analysis we used and how we can
adjust our technique to apply the same analysis in real-time.
We believe it is very important to use this analysis in real-time
in order to present data in the clinic. We are also currently
working on such a system entitled PIMAP (Pressure Injury
Monitoring And Prevention) that is designed specifically to
monitor objective health measurements in the clinic.

The prominent technique we use in this paper is creating
a best-fit plane. From the best-fit plane we calculate the
xangle and yangle, which we use for posture analysis, and
the xygradient, which we use for mobility analysis.

Calculating the best-fit plane relies on normalization, i.e.
giving equal weight between the position of the sensors and
recorded pressures. In our case we examine pressure, which
when calibrated gives a fixed range of values. Pressure is
defined as a force divided by an area. The sensor we use
to collect data is a fixed area and force is a mass times an
acceleration. The majority of the time acceleration for this
application is gravity, which is fixed. This boils down to the
pressure we measure is proportional to the mass of the patient.
In a real-time system we can normalize the pressure based on
a minimum pressure (a mass of 0) and a maximum pressure
(close to maximum mass of a patient).

We do not need the actual maximum mass of the patient.
An approximation will work fine because having a patient that
exceeds the maximum mass will cause anomalous results, but
the patient is anomalous and therefore the system should react
accordingly.
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Fig. 5: Mobility metrics and graphs of patient data. Mobility is the equivalent of the xygradient.



Fig. 6: Posture compared to x and y angle.

After normalization we can calculate the best-fit plane on a
per sample basis. There will be a maximum sampling rate
based on the time to calculate the best-fit plane, but this
maximum sampling rate should be much below the typical
rates of one sample a second unless running on a bizarre
system, in which case there are bigger problems than the
maximum sampling rate.

The xangle and yangle can be calculated directly from the
best-fit plane and add little to the calculation overhead. The
xygradient relies on time and therefore needs in the worst
case three samples (if i is the current location of the gradient
calculation we need i−1 and i+1 to calculate the gradient at
i) to calculate the previous gradient value, meaning there is a
delay of one sample. At typical rates of one sample a second
this is a one second delay, which is not significant for this
application.

Although all analysis techniques were presented based on
collected data the techniques can easily be used in a real-time
system.

VIII. FUTURE WORK

With more well-labeled data we can most likely provide an
accurate prediction of posture. If using only the xangle as the
predictor is not enough it would be a very natural fit to use
Machine Learning techniques to predict the current posture
by stochastically predicting the current posture based on the
xangle, yangle, and maybe the current average pressure.

This work is a proof of concept of how to use a wear-
able pressure-sensing device to objectively measure mobility.
Another goal we have is to provide a real-time system that
can be used in the clinic to present this data directly to
healthcare staff. We entitle this system PIMAP (Pressure
Injury Monitoring And Prevention). In addition to being a
real-time system to monitor pressure injuries we also view this
system as a research tool to study pressure injury formation
as there is currently no system dedicated to this task. In
future work we will present the PIMAP system design and
philosophy.

IX. CONCLUSION

In this work we present an objective way to assess the
pressure injury risk of a patient in real-time using a novel
wearable pressure-sensing device. We discussed our methods
on how to analyze the data to assess the mobility of the patient.
We also discussed analysis on how to track the posture of
the patient, but admittedly more well-labelled data is needed
before we can confirm this method.

Our analysis methods were performed on collected data,
but we also discuss how and why we can apply these same
techniques to a real-time system and in future work we
aim to continue investigation on providing accurate posture
measurements as well as providing a proof of concept of a
real-time system to deliver the objective measurements directly
to the clinic.
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