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ABSTRACT

SOFT ��MAGNETIC ��SENSING
ON ��A ��COMPLIANT ��SUPPORT�� SURFACE

AND ��CONTACT ��MECHANICS ��APPROXIMATIONS ��AT��
THE ��INTERFACE

�'�&�#�3�6�"�3�:����������

JULIO ��APARICIO

B.S.M.E.,��FLORIDA ��INTERNATIONAL ��UNIVERSITY

M.S.M.E.,��FLORIDA ��INTERNATIONAL ��UNIVERSITY

Ph.D.,��UNIVERSITY ��OF��MASSACHUSETTS��AMHERST

Directed��by:��Professor��Frank��C.��Sup��IV

Pressure��Injuries��(PIs),��commonly��known��as��pressure��ulcers��or��bedsores,��affect��

about��2.5��million��individuals��yearly��in��the��United��States��[1].�� Pressure,��shear,��and��

micro-climate��are��the��top��external��factors��concerning��PI��formation��[2].�� Most��com-

mercial��interface��pressure��sensing��systems��have��several��limitations, ��including��cost��[3],��

lack��of��micro-climate��and��shear��measurements,��and��possible��inaccuracies��due��to��cali-

bration��[4{8].��These��limitations ��signal��the��need��for��a��new��generation��of��sensors.

The��two��aims��of��this��dissertation��are��to��determine��the��feasibility��of��magnetic��sens-

ing��in��the��context��of��PI��research��and��to��probe��the��possibility��of��predicting��pressures��

and��displacements��at��the��interface��using��an��analytical��model.�� The��first ��objective��

entailed��manufacturing,��calibrating,��and��characterizing��a��soft��magnetic��sensor��via��%

Full-Scale��Output ��(%��FSO)��errors.�� Then,��the��soft��sensor's��performance��was��com-
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pared with a commercial alternative via a protocol inspired by the ANSI/RESNA

Support Surfaces Standard (RESNA SS-1:2019). These comparisons were quanti�ed

using 4 experimental scenarios via bootstrapped con�dence intervals. The second

objective involved the calculation of surface pressures and displacements based on

contact mechanics equations and comparing them to two experimental scenarios.

This work produced three characterizations, four comparisons to evaluate the

soft sensor performance, and two calculations to evaluate the feasibility of analytical

predictions. The soft sensor characterization involved two incline conditions (0° and

30°) with either random or sequential loading. The 0° incline at random loading

yielded a 7 %FSO and 1 %FSO on average for compression and shear, respectively.

At a 0° incline with sequential loading, the average results were 3 %FSO and 1 %FSO

for compression and shear with 2 % hysteresis in compression. The 30° incline at

random loading yielded 1 %FSO and 2 %FSO for compression and shear on average.

The four comparisons were quanti�ed via the bootstrapped di�erence of means with

95% con�dence intervals. For the 
at punch at 0 degrees in compression, the di�erence

of means estimate was 2.1 mmHg (1.7 mmHg, 2.6 mmHg) and shear 0.7 mmHg (0.5

mmHg, 1.0 mmHg). For the STDI at 0 degrees in compression, 1.0 mmHg (-0.1

mmHg, 2.2 mmHg) and shear 0.2 mmHg (0.0 mmHg, 0.4 mmHg). For the STDI at

30 degrees in compression, 10.4 mmHg (9.5 mmHg, 11.2 mmHg) and shear 0.0 mmHg

(-0.3 mmHg, 0.2 mmHg). In the last comparison, the 
at punch at 30 degrees, in

compression, the values are -1.9 mmHg (-2.8 mmHg, -1.2 mmHg), and shear 6.2

mmHg (5.4 mmHg, 6.9 mmHg). Lastly, the analytical solution produced for average

interface pressure in 
at punch prediction with a relative error of approximately 4%;

however, the displacement prediction for the STDI case produced a relative error

above 60% for the STDI best case. Thus, only the 
at punch prediction might be

suitable.
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The results show potential for this soft sensing modality to be implemented in PI

applications, although future works are needed in calibration and testing for general-

ization and robustness. In addition, future work is needed to estimate foam material

parameters such as the elastic modulus and Poisson's ratio with greater accuracy.
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CHAPTER 1

INTRODUCTION

De�nition and Impact

Pressure Injuries (PIs), commonly known as pressure ulcers or bedsores, are soft

tissue damage that can negatively a�ect individuals and society [26]. When soft tissue

damage occurs due to mechanical loads, typically underneath the bony prominences,

it is, by de�nition, a pressure injury [2], [27]. At these anatomical landmarks, stresses

due to pressure and shear are at their peak and could potentially damage soft tis-

sues [2]. Common PI sites include the heel, sacrum, ischial tuberosity, and even the

back of the head [28], \any point on the body where the bone is immediately be-

low the surface" is considered a bony prominence [29]. Consequently, skin, fat, and

muscle tissue damage bring about various medical complications, yielding numerous

health and economic problems [26]. Medical complications resulting from PIs include

cellulitis, sepsis, osteomyelitis, and cancer [28]. Every year, PIs a�ect about 2.5 mil-

lion people in the United States, generating eleven billion dollars in costs and 17,000

legal cases [1]. Lastly, PIs produce a death toll of around 60,000 people per year [1],

which Padula and Delarmente (2019) compared to the fatalities due to in
uenza and

drug overdoses [30].

Research Context

Due to the negative impact of PIs, institutions worldwide have o�ered solutions

to the problem based on ongoing research and anecdotal best practices, as in [26].

Most noticeably, in the U.S., the National Pressure Injury Advisory Panel (NPIAP)
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traditionally publishes guidelines to aid in treating, managing, and preventing PIs

consistent with the literature [26]. One common prevention technique is turning pa-

tients every two hours to o�oad tissues, which o�ers pressure relief [31]. Another

well-known prevention technique is the monitoring of interfacial pressures [26]. Tra-

ditionally, measuring interface pressures o�ers clinical insight with bene�ts in the

support surface testing domain [32]. Interface pressures allowed for patient aware-

ness [32], and fundamental studies investigated the link between interface pressures

and duration to forming PIs, as seen in the Reswick and Rogers study (1976) [33].

Interface pressure measurements on the support surface domain helped quantify the

cushion's performance and allowed for comparisons, as seen in [34] and [35]. However,

despite these clear bene�ts, it is known that there are other mechanical forces in
u-

encing PI formation at the interface [2]. Thus, there are several limitations to current

sensing tools; more speci�cally, most commercial alternatives cannot measure shear.

Shear, along with pressure and friction, are known to in
uence PI formation [2].

Furthermore, Swain (2005) signaled that the ubiquity of interface pressure mea-

surements results from convenience due to the di�culty of making measurements

within internal tissues [32]. Swain also suggests that pressure quanti�cation within

the internal tissues should be the real aim of PI sensing [32]. Gefen and Levine (2007)

support this claim as their work found that interstitial pressures could be much higher

near the bony prominence when compared to interface pressures [20]. Nonetheless,

as with interface measurements, more than one type of load (e.g., shear or tensile)

could in
uence PI development in internal tissues [2]. Still, since interstitial mea-

surements are complex and even \unethical" [21], this work seeks to contribute to

interface measurements and calibration improvement work.
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Curved Indenter 
(Phantom)

Foam (Cushion)

Figure 1.1. Sample experimental set-up for a curve indenter inspired on [14]. This
�gure depicts a curved indenter representing a human phantom and a soft surface
represented by a foam cushion. Note: The sensor is not visible but is embedded
within the curved indenter.

Research Scope

Although not strictly followed, a published support surface standard [14] and

previous research guide e�orts to measure interface pressure and shear using a non-

traditional sensor modality [9{11] (in the context of PI) and seek to predict soft

surface pressures in the presence of a curved indenter mimicking a human-bed in-

teraction. In this research, interface pressure and shear measurements will occur by

placing a custom sensor between the phantom (mimicking a human) and a soft sup-

port surface (foam cushion).Figure 1.1 , o�ers a visual representation of one of the

study scenarios at a 0° incline or pure compression.

Aims

The �rst aim of this work is to investigate the feasibility of a magnetic-based soft

sensor in the context of PI research. To this end, a custom-made magnetic sensor,

based on previous work by [9{11], was embedded in a curved indenter and compared

to a commercial alternative. The curved indenter was inspired by a RESNA (Rehabil-
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itation Engineering and Assistive Technology Society of North America) publication,

which helped characterize support surfaces via a standard [14]. In this standard (ANSI

RESNA SS-1/2019), individual pressure sensors embedded in anatomy-like indenters

help obtain interface pressures without typical pressure mapping systems [14]. How-

ever, the sensors suggested in the standard cannot measure compression and shear

simultaneously [14,36]. Thus, the commercial alternative used for comparison was the

Nano 17, a 6-axis force and torque sensor capable of measuring pressure and shear.

The second aim of this work is to investigate the possibility of using an analytical

solution from classical contact mechanics to predict surface pressures. Boussinesq

and Hertizian contact mechanics equations were used for this purpose, as they re-

quire fewer parameter estimations than models that account for surface adhesion. To

this end, the author estimated displacement and average pressures based solely on

geometry and material parameters.

Research Questions

Comparing a commercial to the proposed magnetic soft sensor helped to investi-

gate the feasibility of the magnetic soft sensor in the context of PI research. Since sen-

sor accuracy is one of the critical parameters in sensor characterization [37], accuracy

guides the comparison via a more speci�c research question. This dissertation asks:

Do the soft sensor and the commercial alternative di�er in mean readings

for both compression and shear? . This question assumes that the commercial

alternative is accurate enough to be considered similar to a gold standard.

Describing the contact mechanics at the interface is the additional objective that

helps guide the second research question. Both interface force measurements and

obtaining \depth of immersion" [14] are important parameters in the ANSI RESNA

SS-1/2019 [14]. To this end, contact mechanics equations provide insight into pres-

sure and surface displacements at the interface [22, 38]. Then estimations of aver-
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age pressures and displacements can guide the comparison between analytical and

experimental results via a research question. Speci�cally,Can interface surface

displacement, pressure, and pressure drops be predicted analytically with

applications in PI research?
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CHAPTER 2

BACKGROUND

2.1 Scope

This chapter describes the current state of knowledge and gaps in the literature

across di�erent disciplines. The chapter begins by giving an overview of pressure

injuries (PIs). Then, it describes the current state and limitations of one particular

area of interest within the context of PI research, namely, interfacial measurements. In

addition, it reviews current Hall-E�ect-based pressure and shear sensors to position

them as possible PI sensor modalities. Also, it surveys the force sensor literature

dedicated to calibration concerns. Lastly, it presents a rationale for using contact

mechanics equations to describe compliant surfaces.Figure 2.1 serves to illustrate

the scope of this background section.

2.2 Pressure Injuries Overview

2.2.1 Pressure Injuries and Mechanical Loading

As described in the introduction, PIs are chronic wounds that signify damage

to the soft tissues anywhere in the body [31]. Several risk factors contribute to PI

formation, including but not limited to age, diabetes, nutrition, micro-climate, and

mechanical loading [2, 26, 31]. It has been found that mechanical loading and tissue

deformation are critical to soft tissue damage [2, 39]. More speci�cally, mechanical

loading and deformation due to pressure and shear are among the top external factors

for PI formation [2], and this is currently noted in nursing education [31]. Pressure

in the context of this work is de�ned as the mechanical loading of tissues normal to
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Figure 2.1. Background Scope. The �gure depicts an overview of the background
section, positioning this dissertation in the context of the relevant literature.

the surface of the application [2, 40]. Likewise, shear is de�ned as the mechanical

loading of soft tissues parallel to the surface of the application [2, 40]. According

to a review, pressure can disrupt the transport of nutrients, oxygen, waste, carbon

dioxide, and lymphatic 
uid, contributing to the damage of the soft tissues (i.e.,

skin, muscle, and fat) via blood vessel occlusion and permeability [41] as seen in

�gure 2.2 . Similarly, shear can induce PI formation through tissue deformation and

capillary disruption [2,31].

2.2.2 Pressure Injury Prevention

Due to the importance of mechanical forces on soft tissues, monitoring soft tissue

loading is critical to PI prevention [26]. Two of the most common recommendations

in PI prevention are tissue o�-loading [26, 31, 42] and load redistribution [26, 42].

Load redistribution addresses the load magnitude concerns, while tissue o�-loading

addresses load duration [42]. While these clinical interventions can be done qualita-
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2.2 Pressure Injury Overview

2.2.1 Etiology and Risk Factors

Mechanical loading and deformation are key to soft tissue damage [2], [21]. In general, the

ability of the tissue to withstand deformation can determine the extent of the PI [21].

Furthermore,it is known that PI formation can dependon several extrinsic and intrinsic factors 

[8]. The most notable extrinsic factors include the magnitude and duration of mechanical loads 

via pressure, shear, friction, and microclimate [2]. Other risk factors include, but are not limited

to, issues with mobility, diabetes, age, and nutrition [7]. According to a review on the causes of 

Deep Tissue Injuries (DTIs), external pressure can disrupt the transport of nutrients, oxygen,

waste, carbon dioxide, and lymphatic fluid [22]. This disruption can damage soft tissues like 

skin, muscle, and fat via blood vessel occlusion and permeability [22], as shown in Figure 2-2. 

Similarly, she can induce PI formation through tissue deformation and capillary disruption [2]. 

In summary and as mentioned, pressure, shear, and microclimate can affect soft tissue

deformation and induce damage. This proposal focuseson the quantification of two of these

extrinsic factors that can lead to PI development, namely pressure, and shear. 

Figure 2-2:  PI Etiology. (A) Shows typical pressure points. (B) Shows uncompressed soft
tissues. (C) Shows compressed soft tissues and pinched vessels. Fig. modified from [23]. Figure 2.2. PI mechanical loading. (A) Shows typical pressure points. (B) Shows

uncompressed soft tissues. (C) Shows compressed soft tissues and pinched vessels.
Figure adapted and modi�ed from [15].

tively via softer surfaces and turning the patient often, the critical load values over

time that induce PIs are unknown, according to a 2020 review [43]. To solve this

issue, works by Reswick and Rogers (1976) and Gefen (2009) have made signi�cant

contributions in the form of pressure vs. time curves [16, 33]; however, this tool can

not be used for PI prognosis [43]. A related tool to help quantify interface pressures is

pressure mapping. This tool is part of several guidelines by the National Pressure In-

jury Advisory Panel (NPIAP); however, the strength of the recommendations (given

by qualitative scores) varies depending on the guidelines [26].

2.2.3 PI Interface Measurements: Pressure Mapping

Sensors Overview

Sensing systems are ever-present in PI research, as seen in [32,35,44{46] and many

others. Generally, when a transducer converts an input to an electrical signal, it is

de�ned as a sensor [37]. In addition, this conversion from an input to an output

electric signal could take numerous steps; thus, a sensor may have more than one

transducer [37].
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Figure 2.3. Pressure-Time Curves. The dashed line shows the Reswick and Rogers
(1976) version and the red line shows Gefen's (2009) contribution. Figure adapted
and modi�ed from [16].

Pressure Mapping Systems

Traditionally, pressure mapping systems are predominantly capacitive or resistive

(including piezoresistive), as seen in [32] where four of six interface pressure systems

compared were either capacitive or resistive. The remaining two systems were pneu-

matic and electro-pneumatic; however, they were single-sensor systems as seen in [32].

Examples of later studies (2014 - 2023) featuring commercial capacitive and resistive

systems can be seen in [45,47{49]. Capacitive and Resistive force sensors rely on the

basic principles of changing electrical quantities (capacitance and resistance) due to

an applied force, similar to the principles seen in [50], [51]. In capacitive systems,

capacitance changes as the distance between two conductive plates varies via applied

force [50]. In a resistive system, resistance changes as the cross-sectional area of the

conductive wire changes by applying an external force [51]. Examples of capacitive

systems include the XSensor and Novel Systems, while resistive systems include the

Tekscan and FSA systems [32]. Although current studies continue to feature capaci-

tive and resistive systems such as the XSensor and the Tekscan [21,45,46,52], these
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sensing systems have several shortcomings that signal a need for a new generation of

pressure mapping systems.

11 

FSA systems [8]. Figure 2-5 offers a visual representation of three commercially available 

systems.  

The prevalence of these sensing modalities is evident in the book Pressure Ulcer Research 

where four of six interface compared pressure systems were either capacitive or resistive in 

nature [8].  The remaining two systems were pneumatic and electro-pneumatic; however, they 

were single-sensor systems [8].  Although current studies continue to feature capacitive and 

resistive systems such as the XSensor and the Tekscan [28], [29], these sensing systems have 

several shortcomings that signal a need for a new generation of pressure mapping systems. 

2.3.3 Limitations of Current Systems 

Current pressure mapping systems are expensive, lack shear and microclimate sensing 

�F�D�S�D�E�L�O�L�W�L�H�V���� �D�Q�G�� �P�D�\�� �K�D�Y�H�� �S�U�R�E�O�H�P�V�� �Z�L�W�K�� �D�F�F�X�U�D�F�\���� �7�K�H�� �D�U�W�L�F�O�H�� �³�3�U�H�V�V�X�U�H�� �0�D�S�S�L�Q�J�� �I�R�U��

Wheel�F�K�D�L�U�� �X�V�H�U�V�´�� �F�L�W�H�V�� �W�K�H�� �F�R�V�W���R�I�� �S�U�H�V�V�X�U�H�� �P�D�S�S�L�Q�J�� �V�\�V�W�H�P�V�� �D�W�� �D�� �U�D�Q�J�H�� �R�I�� �������������� �W�R�� ����������������

[35]. These high costs could certainly affect pressure-mapping prevalence among the everyday 

user outside the clinical research domain. Another limitation of current systems lies in the lack of 

shear sensing capabilities. To the knowledge of the authors, there are no currently available 

clinical tools to measure shear in the context of PIs. The only known instances of such 

commercial tools are in the Mimura et al. (2009) [27], and Akins et al. (2011) [10] studies, both 

Figure 2-5:  Current sensor systems. (A) XSensor (Capacitive). (B) Novel (Capacitive). (C) 
Tekscan (Resistive).  Figures modified from [32]�±[34] A-C, respectively. Figure 2.4. PI sensor system examples. (A) XSensor (capacitive). (B) Novel (ca-

pacitive). (C) Tekscan (resistive). Figures A-C adapted and modi�ed from [13,17,18]
respectively.

Limitations of PI Systems

Current pressure mapping systems are expensive, lack shear and micro-climate

sensing capabilities, and may have problems with accuracy. Regarding cost, the

online article \Pressure Mapping for Wheelchair Users" cites the cost of pressure

mapping systems at$7,000 to $12,000, with the more a�ordable option at around

$3,500 [3]. These high costs could a�ect the prevalence of pressure-mapping among

everyday users outside the clinical research domain.

Another area for improvement of current systems is the need for shear sensing

capabilities. To the author's knowledge, there are no currently commercially available

clinical tools to measure shear in the context of PIs. Most known instances of such

a commercial tool were in Japanese studies, using the Predia device manufactured

by the Molten Corporation in Japan [44, 53{55]. There is also an American study

by [34] using the same sensor system. Despite previous e�orts to purchase or obtain

this tool, this device seems to be no longer for sale. Anecdotal evidence con�rms this

fact, as the author of this dissertation inquired about shear measuring tools during an

NPIAP webinar in April 2020 and received no suggestions. A promising alternative
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is the TRIPS sensor, used in a recent 2023 study [56], but it is unknown to the author

whether this sensor could be considered commercially available. This capacitive-based

sensor has tri-axis capabilities and is manufactured using 3-D printing technology

[56,57].

An additional drawback of current systems is the need for micro-climate sensing.

While data sheets of some existing systems o�er measures for ambient temperature

and humidity [13, 58], the author believes these measurements may lack clinical sig-

ni�cance. In a consensus document, the clinical signi�cance of temperature and hu-

midity measurements appear in the micro-climate context, i.e., at the human-surface

interface [2].

Lastly, and perhaps the most impactful limitation of current systems, are proba-

ble inaccuracies due to sensor calibration. Several recent studies highlight the need

for di�erent calibration schemes to improve sensor accuracy when dealing with soft

surfaces. The next section will discuss these studies, encompassing PI systems and

other sensor applications.

2.2.4 Calibration Concerns

Several recent studies highlight the need for di�erent calibration schemes to im-

prove sensor accuracy when dealing with soft surfaces [34], [4{8]. Table 2.1 summa-

rizes essential conclusions and recommendations (in quotes) alongside their respective

studies. Two �ndings highlighting the need for di�erent calibration strategies within

the works by Likitlersuang et al. and Scho�eld et al., where they point out that

matching the calibration environment is critical [8] and [6].

An example of this can be seen by examining the calibration setup used for devices

like the Novel Pliance, which was available to the author. This commercial system

employs an air bladder and a semi-rigid surface for calibration, shown in�gure 2.5 .

This calibration setup introduces a discrepancy between the interface used during
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Table 2.1. Studies highlighting possible pressure sensor inaccuracies when utilizing
soft substrates and/or surfaces.

Article Sensor Modality Recommendation

Khodasevysch, Piezo Resistive \Therefore, some sensors, like the Sensitronics model
et al. (2017) tested here, require individual surface calibrations and

would be very inaccurate without them. . . " [7]
Likitlersuang, Pressure Sensitive \The work also stresses the importance of calibrating the
et al. (2017) Ink, Resistive sensors under conditions that are representative of the

application (rather than relying on the information provided
by the manufacturer). . . " [8]

Scho�eld, FSR, Resistive \. . . Experimental results suggest that reducing sensor error
et al. (2016) requires calibration of each sensor in an environment as close

to its intended use as possible and if multiple FSR's are used
in a system, they must be calibrated independently. . . " [6]

Akins; Karg; PREDIA, Pneumatic \. . . Due to the large measurement bias for pressure, a
Brienza (2011) and Strain Gauge calibration curve was constructed..." [34]
Brimacombe, Resistive \. . . We recommend the investigators design their own
et al. (2008) calibration curves not only to improve accuracy but also to

understand the range(s) of highest error and to choose the
optimal points within the expected sensing range for
calibration. . . " [5]

Pipkin; Sprigle Four Types of Mats \. . . Because of the mat e�ect, the pressures recorded by an IP
(2008) (Resistive and mat may not re
ect the actual buttocks-cushion IP. Because

Capacitive) of the interaction between mat and cushion, the mat e�ect
cannot be assumed constant across cushions for clinical
comparison. . . " [4]

calibration and the expected interface in a clinical or everyday setting. In calibration,

the sensing elements of the Pliance would be \sandwiched" between a semi-rigid or

soft-rigid interface (depending on the system). This is not the case in a clinical

setting (or real-life scenario) where the sensor loading would occur between soft-soft

interfaces, namely the person's soft tissues and a soft support surface like a clinical

bed or cushion, changing the interface. This work addresses this possible calibration

discrepancy by calibrating the sensor using a soft substrate or support surface.

2.2.5 PI Interfacial vs. Interstitial Pressures

Importance of Interstitial Pressures

According to Swain (2005), interstitial pressure measurement is perhaps more

important than interface measurements [32]. In the literature, the measurement of

interstitial pressures involves at least three types of models: human, as seen in [19],
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Figure 2.5. Typical calibration set-up for the Novel Pliance® system. The �gure
highlights the presence of a semi-rigid surface as a support surface for calibration.

animal as conducted by [20]; and phantom models, as in the work of [21]. Under-

standably, human models are the desired standard; however, one strong reason for

the lack of human studies could be their invasive nature [32]. Gayol-Merida et al.

(2017) categorized these measurements as \unethical", highlighting the limitation of

human studies in the context of PI interstitial measurements [21]. Despite this lim-

itation, a human study conducted in 2006, concluded that \The interface pressure

measurement (with a few volunteers) is not suitable for a correct assessment of anti-

decubitus devices" [19]. Then an animal study in 2007 found that pressures below the

bony prominence could be 5-11 times higher than at the interface, highlighting the

importance of interstitial measurements over their interface counterparts [20]. More

recently, Gayol-Merida et al. (2017) found that interfacial forces were signi�cantly

lower than forces underneath the ischial tuberosities using a phantom model [21].

Figure 2.6 visually represents the methods in the mentioned studies.
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Figure 2.6. Visual representation of interstitial studies. (A) Shows human model by
V •olker et al. (2006), �g. adapted and modi�ed from [19]. (B) Shows animal model by
Gefen and Levine (2007), �g. adapted and modi�ed from [20]. (C) Shows mechanical
phantom by Gayol-Merida et al. (2017), �g. adapted and modi�ed from [21].

Limitations of Interstitial Studies

The mentioned human, animal, and phantom models by [19{21] have some limi-

tations. Besides being invasive, the human study by [19] lacked shear measurements

and did not attempt to establish a link between interface and interstitial pressure

measurements. The animal study by Gefen and Levine (2007) also neglects shear

measurements and lacks fatty and skin tissue [20]. Nonetheless, fatty tissue can be

more susceptible to damage than muscle, as proposed in an MRI-based study by So-

nenblum et al. (2015) [59]. Furthermore, the Gefen and Levine study attempted to

correlate interface pressures to \stress ratio" (stress under IT over interface stress) but

concluded no correlation existed after obtaining a Pearson correlation of -0.50 [20].

However, Pearson correlation analysis usually tests for linear relationships [60]. This

means that non-linear trends could appear as weak linear correlations, according

to [60]. Lastly, the mechanical model by Gayol-Merida et al. had several limitations.

The study lacked shear measurements and did not attempt to correlate interfacial

and interstitial pressures [21]. Also, the soft tissue model did not use a multi-layer

approach using only latex [21]. Sparks et al. (2015) took a multi-layer approach,

which suggested that silicone can potentially model skin, adipose, and muscle [61].
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Although the studied phantoms performed well qualitatively, Sparks et al. stated

that the animal muscle model exhibited lower stress (and sti�ness) values than the

silicone muscle model [61].

Despite the limitations of both types of measurements, the measurement of in-

terface pressure is still present in PI research. In addition, the author believes that

potential studies could help establish a link between interfacial and interstitial pres-

sures (and possibly shear). This means that tools to quantify interfacial and intersti-

tial pressures and shears are still needed in PI research.

2.3 Hall-E�ect Based Pressure and Shear Sensors

2.3.1 Rationale and Summary

Following the discussion on the shortcomings of commercial sensors in PI appli-

cations, this section focuses on introducing Hall-e�ect force sensors as an alternate

sensing modality. The Hall e�ect is a phenomenon in which when a semiconductor

is given two inputs, namely magnetic �eld and current, a measurable output or Hall

voltage is produced [37]. Perhaps one of the most critical shortcomings of PI commer-

cial sensors is their inability to measure shear; in other words, most PI commercial

sensors are uni-axial force sensors. To overcome this weakness, the designer has to

choose or modify a sensing modality to allow for discriminatory sensory input per axis

to measure multi-axial loads successfully [51]. Previous works by [9{12] (and others)

have demonstrated that this multi-axis discrimination is possible and successfully

measured pressure and shear forces using Hall-e�ect soft sensors. Hall-e�ect sensors

are the most common type of magnetic sensors used [62], making them a suitable

candidate for various applications; thus, due to their ubiquitousness and proven per-

formance, it is at the core of this work. In the following sections, the author discusses

Hall-e�ect force sensors regarding their basic working principle, current applications,
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and their types of calibration environments. Lastly, as with all sensor modalities, a

summary of the limitations is discussed.

2.3.2 Basic Principle

Most Hall-e�ect soft force sensors have three main elements: (1) a soft shell,

(2) a magnet, and (3) a Hall-e�ect chip, as seen in [9{12]. In general, the soft

shell controls the sti�ness and range of the sensor, with lower sti�ness representing

increased sensitivity and lower ranges [12]. The magnet is the source of the magnetic

�eld, and the designer should pay particular attention to saturation avoidance [10,

12]. Finally, the Hall-e�ect chip captures the magnetic �eld changes based on the

movement of the magnet due to an applied load [9].

2.3.3 Current Applications

The author is interested in the literature's intended applications of soft magnetic

force sensors to assess the current work's novelty. Surveyed work fell into the robotics

or soft robotics applications, with some works pointing toward medical applications in

ocular digital massage, minimally invasive surgery, tumor detection, robotic surgery,

and measuring arterial blood pressure in an animal model [9{12,52,63{69]. Addition-

ally, the author looked at a recent review featuring magnetic tactile sensors (Man,

Chen, and Chen 2022), searched for medical applications, and found applications in

visual impairment and pulse detection [70]. Thus, to the author's knowledge, the Hall

E�ect sensing modality is absent in PI research.

2.3.4 Calibration Surfaces

Another interesting �nding was that most calibration conditions for soft mag-

netic force sensors had rigid to rigid requirements [9{12,52,63{68]. More speci�cally,

the soft sensors were calibrated using a combination of rigid indenters and support

surfaces made of materials such as ABS, acrylic, metal, etc. [9{12, 52, 63{68]. This
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contrasts the author's approach of calibrating using a soft support surface to mimic

the intended operating conditions following the rationale from [4{8] seen in Table 2.1.

2.3.5 Limitations

One of the main limitations of Hall e�ect sensors could be temperature depen-

dencies highlighted by a handbook of sensors [37]. In the literature, Tomo (2016)

performs a temperature correction for the MLX90393 [9], a chip used in other mag-

netic soft sensing work as in [12,68]. Anecdotally, the author of this dissertation used

and corrected for temperature based on the work by [9,71,72] in previous soft sensor

iterations. Additionally, disrupting the magnetic sensors' magnetic surroundings via

ferrous and other magnetic materials is an obvious drawback.

2.4 Contact Mechanics Approximations

Most of the theoretical framework for contact mechanics approximations is dis-

cussed in the theoretical framework section of this work; however, this section high-

lights a couple of articles that set up the rationale for the possibility of using contact

mechanics equations with compliant surfaces. A paper by Mitchell et al. (2023) uses

Hertzian-type equations to characterize the mechanical behavior between a spherical

Styrofoam indenter and gelatin [73]. Since it is known that gelatin is such a soft

material, it opens the possibility to use similar types of equations in the current dis-

sertation work [73]. In addition, a review article by McKee et al. (2011) explored the

use of contact mechanics equations to estimate elastic moduli in biological tissue [25].

Again, since various biological tissues are considered compliant, this also opened the

possibility of using similar approaches within this dissertation [25]. An additional

insight from the work of McKee et al. (2011) was that a lot of the estimations of

elastic moduli in biological tissues depend on the testing procedures, i.e., whether the

samples are tested in compression and tension and other factors [25]. This last fact is
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important as it signals the possible limitations of gathering outside data to estimate

the elastic modulus of compliant surface information (in their case, biological [25])

without in-house testing speci�c to the application.
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CHAPTER 3

THEORETICAL FRAMEWORK

3.1 Scope

This section summarizes three main categories of mathematical and analytical

models used in this work. Because the experimental force loading was restricted to

only one axis (via the Instron machine), the �rst model is a simple single-plane force

diagram or free-body diagram to calculate the components of shear and compression

due to an applied combined load. Separately, to aid in the calibration of the soft

sensor, a second framework yielded a set of equations obtained via symbolic regres-

sion software using a MISO (Multiple Input Single Output) approach. This set of

equations established a relationship between magnetic �eld values and loading forces

for sensor calibration. Lastly, this section presents a set of analytical Boussinesq and

Hertzian-type equations from contact mechanics principles to estimate the displace-

ments, radius of contact and average pressures.

3.2 Single-Plane Force Diagram

The combination of compression and shear in the clinical context comes from

the patient's placement in an incline bed position, as discussed by [74]. In this

dissertation, to calculate the shear and compression due to the combined load exerted

by the load frame (Instron machine), a simple free-body diagram was constructed

following basic physics principles [75, 76]. To ease the calculation, the x and z axes

were rotated to match the direction of the incline angle, as seen in [75,76]. Then, the

compression and shear components are functions of the applied load and the incline
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angle, given byequations 3.1 and 3.2 , respectively, where P is the combined load

and � is the incline angle [75,76].Figure 3.2 illustrates the discussed framework.

    

 

          

Load Frame 
 

Sensor 

Foam 

Incline Frame 

(a) Experimental set-up using an incline frame.

 

    P 
Comp. 

(b) Free-body diagram adapted and
modi�ed from [75,76].

Figure 3.1. Single-Plane force. (a) In an incline setup, the load frame induces
a combined load by pressing an indenter (sensor) on the foam. The incline frame
controls the incline angle. (b) The free-body diagram with compression and shear is
in blue and red, respectively, and a combined load is in green. The incline angle is� .
Vectors on the free-body diagram are not to scale.

Compression= P(Cos(� )) (3.1)

Shear = P(Sin(� )) (3.2)

3.3 Symbolic Regression

3.3.1 Rationale

This work used symbolic regression to establish the calibration relationships, a

similar technique used in other Hall-e�ect-based sensors. Symbolic regression is a
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machine learning modeling technique that establishes an input-output relationship

using mathematical formulas [77,78]. To this end, the author employed the Turingbot

software, similar to the EUREQA software used in a Hall-e�ect soft sensor study by

Nie and Sup (2017) [10]. Other machine learning techniques, such as neural networks,

can be seen in soft Hall-e�ect sensor studies by [9,11].

3.3.2 Available Parameters

The Turingbot software has some controllable parameters and metrics to tune per-

formance. When establishing a relationship, the user can pick from several functions

by category, such as exponential, basic arithmetic, trigonometric, and others [78]. On

the metrics side, the user can choose from a range of error metrics, such as maximum

error, RSME, relative error, and others [78]. Some of the software settings used in

this dissertation are brie
y discussed in the methods section of this work.

3.3.3 Limitations

The main limitation of the Turingbot software is that it can not establish rela-

tionships using multiple outputs. Although multiple inputs are permitted, only one

output is possible, i.e., only MISO (Multiple Input Single Output) data can be fed

into the software. Thus, in this work, compression and shear equations must be con-

structed separately, e.g., compression as a function of tri-axial magnetic inputs Bx,

By, and Bz and then shear as a function of the same tri-axial magnetic inputs. Due

to this limitation, there could be some trade-o� with computing time; however, in

some instances, this could also serve as an advantage because of the decoupling of

output variables.
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3.4 Contact Mechanics Equations

3.4.1 Rationale

In many cases, approximating pressures and the contact radius at a two-body

interface is non-trivial. One of the reasons is the inability of the researcher to inspect

the interface area of two bodies visually or calculate it analytically. The radius

of contact can be calculated easily when the indenter possesses a 
at contact face

interfacing with a 
at substrate (or support surface); however, this is not always the

case. In the late 19th century, Hertz worked on problems to derive the area, pressure,

and de
ections at the interface of objects with circular and spherical geometries [22].

Since then, his work has become the foundation for other research in the contact

mechanics disciplines [79, 80]. This dissertation uses Boussinesq and Hertzian-type

contact mechanics equations to estimate the radius of contact and average pressure

at the interface between a hemispherical indenter and a soft support surface.

3.4.2 Average Pressure for a Flat Punch Indenter

In the case of a 
at punch indenter, the average pressure (p0) is calculated using

equation 3.3, where (P) is the load placed on the indenter, and (a) is the radius of

contact, this equation is adapted and modi�ed from [22,38]. It can be noted that this

formula presents nothing more than the applied load (P) normalized by the area of

a circle, which is present in numerous mechanics literature.

p0 =
P

�a 2
(3.3)

Perhaps a more interesting variation of this equation can be seen in the equation

3.4, adapted and modi�ed from [22]. This variation allows for the potential prediction

of the (p0) without a known (P) or a displacement (� ) once the (E � ) parameter is

established.
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(a) Boussinesq contact using a 
at indenter adapted and modi�ed from
[22].

(b) Hertizan contact using a curved indenter adapted and modi�ed
from [22].

Figure 3.2. Variables P, R, a, and� denote input load (from load frame), radius
of curved indenter, contact radius, and support surface displacement, respectively.
Figure was adapted and modi�ed from [22].

p0 =
P

�a 2
=

2E � �
�a

(3.4)

3.4.3 E�ective Modulus Estimation

To estimate the E � parameter or e�ective modulus, one can utilize equation 3.5,

where E1 and E2 are the elastic moduli of the two bodies in contact and� 1 and � 2

are there respective Poisson's ratios, this equation is adapted and modi�ed from [22].

1
E �

=
1 � � 2

1

E1
+

1 � � 2
2

E2
(3.5)
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A further simpli�cation of equation 3.5 can be made when considering that the

indenter is assumed to be in�nitely rigid, as seen in [25,73]. Thus, equation 3.5 can

be simpli�ed to 3.6, adapted and modi�ed from [25,73].

1
E �

=
1 � � 2

E
(3.6)

Additionally, as seen in [25], the equation can be used to determine the modulus

of elasticity (E); note this is di�erent from ( E � ), using the equation 3.7, adapted and

modi�ed from [25].

P =
2Ea�
1 � � 2

(3.7)

3.4.4 Radius of Contact for a Hemispherical Indenter

This work utilizes Hertzian-type equations modi�ed from [22,38] to approximate

the contact radius denoted by (a). Equation 3.8 shows the relationship between

displacement after contact (� ), the radius of the indenter (R), and the radius of

contact (a). The support surface displacement after contact (� ) was experimentally

obtained. Then, after some simple algebraic manipulation, the radius of contact (a)

can be obtained.

� =
a2

R
(3.8)

3.4.5 E�ective Modulus for a Hemispherical Indenter

Once the contact radius (a) is calculated, the quantity (E � ), e�ective modulus, can

be obtained using previous equations such as equation 3.6. This is an intermediate

step as the average pressure formula depends on calculating or obtaining (E � ).
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3.4.6 Maximum displacement for a Spherical type Indenter

The maximum displacement to a spherical type indenter can be seen in equation

3.9, adapted and modi�ed from [73].

� = 3

r
9P2

8DE � 2
(3.9)

3.4.7 Average Pressure for a Hemispherical Indenter

Lastly, to approximate the average pressure at the interface denoted by (p0) and

using a hemispherical indenter, the author relied on equation 3.10 modi�ed from

[22, 38]. This calculation is rather simple since all the parameters have been solved

for or obtained in the previous steps.

p0 =
4E � a
3�R

(3.10)
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CHAPTER 4

INDUSTRY COLLABORATION STUDY

4.1 Scope

The focus of this chapter is the description of the collaboration between the MRRL

(Mechatronics and Robotics Research Laboratory) at the University of Massachusetts,

Amherst, and Hillrom Inc. in Batesville, IN (which is now part of Baxter), which

yielded preliminary results in implementing Hall-e�ect sensing in PI research. Specif-

ically, the team investigated the feasibility of Hall-e�ect sensing in interfacial mea-

surements at the human-bed interface. There was progress in the areas of design,

manufacturing, calibration, and data collection by applying similar methods used in

previous work by Nie and Sup et al. (2017) [10], Tomo et al. (2016) [9], and others.

The following is a summary of the progress and challenges encountered during the

MRRL-Hillrom collaboration, which can prove helpful in future inquiries.

4.2 Prototype Design

The team worked on several design alternatives and iterated through design spec-

i�cations. At the start, the team considered three main sensor placement options.

These included a wearable sensor option, direct skin placement, and permanently

attaching the sensor to the bed interface as seen in�gure 4.1 . The team opted for

the direct skin placement alternative.

Upon progress, the team listed customer requirements, performance criteria, tar-

get values, and priorities to better guide the design and assess sensor performance.

The group emphasized sensor functionality (e.g., detecting pressure and shear) and
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Figure 4.1. Design options. (A) Shows wearable garment option, (B) Direct skin
placement option, (C) bed attachment option (sensor not shown). (A) Adapted and
modi�ed from [23], (C) Adapted and modi�ed from [24].

accuracy. Some items have no assigned priority (shown as N/A) due to uncertain-

ties and focus on higher priority items. Table 4.1 shows a sample list of design

parameters considered.

Table 4.1. List of customer requirements. This constantly changing list helped
focus the design decisions and e�orts during the Hillrom-MRRL collaboration. The
performance of available systems in
uenced load ranges and accuracy.

Customer Performance Target Selected Priority
Requirement Criteria Values Unit (5 = Max.)
Measures Normal Loads Normal Pressure 50-200 mmHg 5
Measures Shear Loads Shear Pressure 50-100 mmHg 5
Accuracy Percent accuracy � 10 % 5
Anatomical Site Variability Number of Sites 2-3 N/A 4.5
Ease of Calibration Number of Experiments 10-16 N/A 4
Fits in Instron Footprint Area 30 cm2 3.5
Intuitive User Interface User Survey 3-5 5 = max 3.5
Measures Temperature Temperature 20-40 °C 3
Ease of Wear Thickness 10-12 mm 3
Skin Compliance Shore Hardness 0050-10A 00 or A N/A
Pressure Detection (by site) Distance from sensor 25 mm N/A
Impact of Creep Time N/A N/A N/A
Shelf Life Number of Months 36 Months N/A
Durability N/A N/A N/A N/A
Manufacturability N/A N/A N/A N/A
Repeatability N/A N/A N/A N/A
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4.3 Progress in Manufacturing

Implementing similar manufacturing techniques seen in works by [9{11] and oth-

ers, the team implemented a silicone injection molding process, which o�ered three

main advantages. One main advantage of silicone injection was that it eliminated the

need for degassing silicone after mixing. This contrasts pouring techniques where a

degasser or vacuum removes bubbles introduced during manual mixing (depending on

silicone material). Another advantage was that injection allows for the manufacture

of more complicated geometries. Geometries manufactured by pouring techniques

are limited to three-dimensional shapes with at least one 
at side, the side where

pouring occurs. With no pouring side needed, injection molding o�ers fewer geom-

etry limitations, which could be important when manufacturing a sensor designed

to be in contact with highly organic shapes as human anatomy. The last advantage

was the realization that injecting directly upon a cured surface meant no need for

interface adhesion through glue. Only the non-silicone items, namely the PCB and

the magnet, needed an adhesive, but there was no need to glue silicone to silicone

layers. However, post-collaboration, the author replicated the non-adhesive injection

advantage using multi-layer pouring techniques. This multi-layer pouring technique

is discussed in the methods section of this dissertation.Figure 4.2 shows a sample

of the manufacturing process based on works by [9{11] and others.

4.4 Insights from Calibration

Another area of progress during the collaboration was calibration, with two pre-

liminary �ndings: that the calibrated sensor performance seemed susceptible to (1)

temperature variations and (2) the support surface. Surprisingly, the team discov-

ered a correlation between the Hall-e�ect chip and temperature during the collabora-

tion. This conclusion was reached after small, informal temporal experiments, visiting

the blog and having anecdotal conversations with Ted Yapo [71] (the creator of the
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Figure 4.2. Soft sensor manufacturing. (A) Shows a top view of the soft sensor
highlighting main components, (B) Section views of selected injection and manufac-
turing steps, (C) Soft Sensor upon magnet addition before �nal injection (top of the
mold not shown to allow for visualization. The manufacturing was similar to works
by [9{11] and others.

MLX90393 software library), and revisiting the literature by Tomo et al. 2016 [9]

and a book by Fraden 2010 [37]. A temperature correction algorithm was created

based on [72], similar to the solution implemented by [9]. For the support surface

case, the team concluded that the sensor underestimated values at the interface. The

conclusion came via anecdotal insight from testing at Hillrom and a series of infor-

mal experiments using di�erent support surfaces at MRRL. Although post hoc, it

was seen that these tests could have errors, a literature survey also o�ered possible

insights on calibration problems as seen intable 2.1 . Finally, as seen in the methods

section, the author implemented a \soft calibration" strategy using a soft support

surface in this work as a direct consequence of the insights of this collaboration.
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CHAPTER 5

METHODOLOGY

5.1 Scope

This chapter describes the proposed Hall-E�ect sensor's design, manufacture, cal-

ibration, characterization, and validation as a 
at punch indenter and also as part

of an instrumented indenter inspired by the SS-1:2019 RESNA Standard [14]. After

the soft sensor design and manufacture, loading experiments established the mag-

netic �eld to force relationships for calibration. Then, additional loading tests were

conducted to characterize the sensor by quantifying errors. Finally, a procedure sim-

ilar to the RESNA SS-1:2019 standard [14] allowed for comparing the custom-made

sensor and a commercially available option.

5.2 Soft Sensor Design and Manufacturing

5.2.1 Customer Requirements and Engineering Speci�cations

This work features requirements and speci�cations driven by prior soft sensor work

developed by the MRRL-Hillrom (now Baxter) collaboration, the Hall-e�ect sensing

published works, commercial sensor performance, the RESNA Standard, and the PI

literature. For example, the sigmoid injury curve suggested by Gefen (2009) [16] and

commercial sensor speci�cations seen in XSensor data sheets [13] (and alike) drives

target values for sensor load ranges and accuracy. The suggested RESNA Standard

indenter and sensor [14] drive the geometry requirements and constraints. Other

parameters, such as ease of calibration and hysteresis, come from anecdotal evidence

based on the MRRL-Hillrom collaboration and previous Hall-e�ect soft sensor works
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by [9{12] and others. Table 5.1 lists the initial requirements and speci�cations. What

follows is a description of the Soft Sensor design and its integration into the 
at punch

indenter and the RESNA-inspired indenter.

Table 5.1. Proposed initial customer requirements. Based on the MRRL-Hillrom
collaboration, the Hall E�ect sensing published works [9{12], commercial sensor per-
formance (e.g., XSensor) [13], the RESNA Standard [14], and the PI literature. (*)
Denotes changes during manufacturing (and/or) experimentation.

Requirements Performance Criteria Target Values Units

Measures Normal Loads Normal Pressure approx. 0 - 137* mmHg
Measures Shear Loads Shear Stress approx. 0 - 68.5* mmHg
Accuracy % FSO (Full Scale Output) � 10 %
Hysteresis Upscale vs. Downscale < 7 %
Ease of Calibration # of Experiments � 40 None
Fits inside Indenter Interface Area 210 { 350 mm2

Data Collection Rate Samples per Second � 1 Hz

5.2.2 Design Criteria

The design of the soft sensor depends on three main components: The Hall-e�ect

sensor (on a printed circuit board or PCB), a magnet, and the outer silicone shell

just like in previous works by [9{12] and others. The properties and relationships

between these components dictate sensor performance [12]. Wang et al. (2016) have

described and set guidelines to aid the designer in making informed design decisions

[12]. Table 5.2 shows an adaptation of the design guidelines. Although not strictly

followed, these guidelines provided a qualitative direction for soft sensor design. These

guidelines, customer requirements, our �ndings through previous collaboration and

experimentation, and insight from published works guided the design criteria for the

�nal prototype.

Hall-E�ect Sensor Selection

The author selected the TLV493D (by Adafruit/In�neon) [81] as the three axes'

breakout board for detecting magnetic �elds. The core chip on this breakout board
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Table 5.2. Design guidelines adapted from Wang et al. (2016) [12]. Although
not strictly followed, these guidelines provided a qualitative direction for soft sensor
design.

Component/Parameter Guidelines

Magnet Magnet radius> max displacement of Magnet (tangential).
Magnet height adequate, minimizing weight and introducing
an appropriate magnetic �eld strength (vertical axis).
Magnetic height/diameter approx. 0.2 to 0.5 ratio.

Elastomer Elastomer height: Based on the max distance between Hall-e�ect
sensor and magnet, as well as magnet height.
Elastomer diameter: Based on desired compression and shear
sti�ness. Consider the application of constraints.
Material properties: Lower sti�ness equals increased sensitivity
and lower range. The opposite is true.

Resolution Use formula R = N/K; where R denotes the soft sensor resolution,
N is the magnetic noise (surroundings), and K is the sensitivity
of the sensor.

Range and Sensitivity Max distance between the Hall-e�ect sensor and magnet:
1 to 2 times magnet diameter.
Min distance between the Hall-e�ect sensor and magnet:
Should be above sensor saturation and allow for max magnet
displacement during compression.

(the TLV493) was mentioned by Wang et al. 2016 [12] as a possible alternative

to other ICs. This IC ranges up to � 130 mT and communicates using the I2C

protocol [81, 82]. It is also worth mentioning the author considered the MLX90393

chip seen in [9, 12], (and other similar works) and used it for most of the preceding

work and during the Hill-Rom collaboration.

Magnet Selection

This work used a square neodymium magnet purchased from K&J Magnetics,

product number BX0X01. The material was NdFeB with a grade of N42 and nickel

plating [83]. The magnet's nominal dimensions were 1x1x1
16 inches [83]. Finally, the

magnet was axially magnetized and had a surface �eld of 738 Gauss as speci�ed by

the manufacturer [83]. Other speci�cations may be viewed on the manufacturer's

website.
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Elastomer Selection

The soft sensor used a combination of two elastomers to achieve both an acceptable

range and sensor structure. The soft sensor's ends were made using a platinum-cured

silicone with a shore hardness of 10A (Dragon SkinTM , from Smooth-On), and the

core of the sensor using a platinum-cured silicone foam blend (Soma FoamaTM 15,

and Eco
exTM 0030 from Smooth-On).

Soft Sensor Geometry

The soft sensor had a cylindrical structure with nominal dimensions of 40 mm

diameter and a 17.5 mm thickness. The sensor included three soft material layers,

a Hall-e�ect sensor PCB, and a neodymium magnet. A visual representation of the

overall structure of the sensor can be seen in�gure 5.1 .

Figure 5.1. Soft Sensor Assembly. The sensor has three soft material layers, a PCB,
and a neodymium magnet.

In addition, some basic nominal dimensions for the soft sensor can be seen in

�gure 5.2 . These dimensions include the soft layer thickness dimensions and the

magnet to Hall-e�ect chip distance. The soft sensor's overall diameter and thickness

are also included for reference.

5.2.3 Sensor Manufacture Summary

The sensor manufacture followed similar methods from [9{12] and involved a three-

layer cavity molding method using 3-D printed molds. The �rst layer is the sensor's
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Figure 5.2. Soft sensor nominal dimensions. (A) Shows overall diameter. (B) Shows
overall thickness and silicone layer thickness. (C) Shows magnet to chip distance.
(D) Shows an isometric view of the overall assembly. Note that all dimensions are
in millimeters (mm), and although not veri�ed the precision of measurements most
likely varied due to manufacturing procedures, possibly within 1 mm.

base, manufactured with the 10A shore hardness silicone. The PCB holding the

TLV493D was then attached to the �rst layer via a cyanoacrylate adhesive. The

second layer is the sensor's core, manufactured with a blend of platinum-cured silicone

and silicone foam. Then, the magnet was attached to the body via the cyanoacrylate

adhesive. The third layer is the sensor's cap, manufactured with the same 10A shore

hardness silicone used for the based layer.Figure 5.3 shows a summary of the

manufacturing steps. It is worth mentioning that \foam massaging" e�ects were

noted after a pre-test to obtain the correct frame rate (which seems to stabilize the

magnetic �eld values post-de-molding) and that post-cure may be needed.

5.2.4 Manufacturing Steps

The following o�ers a sample description of the manufacturing steps. Although

not comprehensive, this o�ers a guideline for reference and future works.

-First Layer (Silicone Elastomer)
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(a) Layer 1: Silicone (b) Adhesion: PCB (c) Layer 2: Foam Blend

 

 

 

 

 

 

 

 

 

(d) Adhesion: Magnet (e) Layer 3: Add Silicone (f) Finished Assembly

Figure 5.3. Summary of manufacturing steps using 3-D printed molds and acces-
sories. For brevity, not all steps are shown. (a) Shows the �rst cured layer of silicone
in mold PM1. (b) Shows adhesion of PCB using an alignment guide (PA1). (c) It
shows the cured silicone foam blend in mold PM2. (d) Shows magnet adhesion using
an alignment guide (MA1). (e) Shows mold ready for last silicone pour with mold
PM3. (f) Shows completed assembly attached to a 3D printed piece for attachment
to load frame via an indenter assembly.

1. Used 3-D printed cavity mold.

2. Cleaned surface with 70% isopropyl alcohol.

3. Added a light coat of petroleum jelly to the contact surfaces to act as a mold

release.

4. Poured Dragon SkinTM 10A fast cure cartridge unto a mixing cup via a static

mixer.

5. Poured a su�cient amount of material to �ll the desired cavity.

6. Allowed cure for at least 1.5 hours.
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-PCB Attachment

1. Cleaned PCB and the cured �rst layer with 70% isopropyl alcohol.

2. Used clear tape to remove oils, etc.

3. The activator primer (Loctite® ) was applied to the PCB and �rst layer.

4. Attached is the alignment 3-D printed insert (PA1) via screws.

5. Applied glue (Loctite® ) to the PCB surface via a wooden stirring stick.

6. Bonded items by applying pressure for� 30 seconds.

7. Allowed items to cure for more than 12 hours.

-Second Layer (Silicone Foam/Elastomer Blend)

1. Removed the alignment insert (PA1)

2. Cleaned exposed silicone areas with 70% isopropyl alcohol.

3. Applied a light coat of petroleum jelly mold components PM2 and FOAM1.

4. Attached are Qwiic connectors to the PCB using a small amount of cyanoacry-

late (Krazy® ) glue.

5. Attached is the PM2 mold component via mechanical fasteners.

6. Placed a non-sulfur clay at the end of the cable cavity to prevent signi�cant

material loss.

7. Mixed Soma FoamaTM 15 and Eco
exTM 0030 using an� 30/70 ratio blend for

� 30g.

8. Poured material until approximately the Qwiic connector height within the

cavity.

36



9. Placed a top (FOAM1) to induce back pressure.

10. Allowed contents to rise and cure for at least 4 hours.

-Magnet Attachment

1. Cleaned the magnet and second layer interface with 70% isopropyl alcohol.

2. Applied activator primer (Loctite® ) to the magnet and second layer.

3. Attached the alignment insert (MA1) via mechanical fasteners.

4. Accessed magnet polarity using a magnetic pole identi�er (WT-60, Weite Mag-

netic Technology CO, LTD)

5. Applied glue to the magnet surface (north pole) via a wooden stirring stick.

Noted that the magnet was not completely 
at (might be due to foam surface)

6. Bonded items by applying pressure for� 30 seconds.

7. Allowed items to cure for more than 12 hours.

-Third Layer (Silicone Elastomer)

1. Removed alignment insert (MA1)

2. Cleaned exposed areas using 70% isopropyl alcohol.

3. Added a light coat of petroleum jelly to surfaces for easy demold on the mold

component (PM3)

4. Poured Dragon SkinTM 10A fast cure cartridge unto a mixing cup via a static

mixer.

5. Poured a su�cient amount of material to �ll the desired cavity.

6. Removed excess material using a wooden stirring stick and cotton swabs.
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7. Allowed content to cure for approximately 2 hours.

-Demold and Post-cure

1. Demolded and removed 
ashing.

2. Wiped down surfaces with 70% isopropyl alcohol.

3. No post-cure was done due to the temperature requirements causing possible

de-magnetization.

-Attachment to the 3-D printed mounting �xture

1. Marked the surface of the soft sensor with X and Y labels for alignment using

a marker.

2. Cleaned surfaces with 70% isopropyl alcohol.

3. Applied the activator primer (Loctite® ) to 3-D printed and soft sensor interface.

4. Bonded items using glue (Loctite® ) with pressure for � 30 seconds.

5.3 Sensor Calibration Experiments

5.3.1 Summary of the Calibration Process

The calibration process had four main steps: (1) Establishing a magnetic �eld vs.

load forward relationships, (2) data clean-up, (3) establishing a load vs. magnetic

�eld inverse relationships, and (4) programming the sensor with the obtained inverse

relationships equations. The calibration process had two main experiments: (1) A

randomized force test in the 0° condition and (2) a randomized force test in the 30°

condition. Both tests used the soft sensor placed in the 
at punch con�guration. It

is essential to note that in the previous work by [9], and anecdotally through the

author's work, some sensors may need a temperature correction set of experiments

before calibration. This work did not include temperature correction experiments.
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5.3.2 Materials for the Calibration Process

Loading Frame and Load Cell

The author used the Instron® 3369 Dual Column Tabletop model to conduct

all loading calibration experiments. In addition, the frame was equipped with an

Instron® 100 N load cell (model 2519-103). Finally, the frame communicated with

the load cell via the Bluehill® software (version 4.23 or earlier), allowing for real-time

data recording.

Indenters

The author used a custom-made indenter assembly of machined aluminum and

3-D printed nylon powder to interface the soft sensor with the frame's load cell. This

assembly had two modes, namely, (1) pure compression or 0° and (2) a 30° incline.

Both methods allowed the soft sensor to be loaded to the support surface using a 
at

punch condition.

Supporting Structure and Support Surface

The supporting structure included a frame assembled using aluminum low-pro�le

slotted strut channels. In addition, the supporting structure had a 15x15x0.5 inch

(nominal) polypropylene sheet to place the support surface. The two modes for the

supporting structures were 
at (or pure compression) and 30° incline. The author

�tted a linear actuator (Eco-Worthy, max load: 1000N/push, speed: 14 mm/s, stroke

length 4 inches or 100 mm) and two strut channel single arm pivots (stainless steel)

for the 30° incline mode to incorporate variable angles. It is also worth noting that the

author chose (whenever possible) fasteners and strut accessories made of aluminum

or stainless steel to reduce the variability in the magnetic environment. The author

also noticed some propensity to magnetism in some of the stainless steel components.

The calibration experiments featured a �rm, high-resiliency foam support surface

(from FoamOnline [84]). The nominal dimensions of the foam were 15x15x4 inches,
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with a nominal density of 2.5 - 3.0 LB (per cubic foot) and an indentation load

de
ection (I.L.D) of 50 [85,86]. The author chose the foam slab dimension similar to

the ASTM Standard for urethane foams [87].

Soft Sensor Microcontroller and Software

The soft sensor interfaced with a computer via a 32-bit Teensy 4.0 (PJRC) mi-

crocontroller [88]. The author modi�ed an Arduino code within the TLV493D-A1B6

library to sample at around 4.14 Hz and uploaded it to the Teensy microcontroller.

On the computer side, the author wrote a Python 2.7 script based on tutorials and

work by [89] to input experimental information, start data collection, and record and

save experimental data.

5.3.3 Soft Sensor Calibration Protocol

The calibration protocol consists of two experiments establishing magnetic �eld

vs. load relationships. The experiments were conducted using two modes, namely

at 0° incline or pure compression and 30° incline condition. The measurement of the

incline angle was done with the Klein Tools 935DAG Digital Electronic Level and

Angle Gauge. Both experiments were conducted with the soft sensor at a 
at punch

condition, loading into the �rm high-resiliency foam. What follows is a summary

description of experimental settings.

Experimental Environment

The experiments were conducted at the University of Massachusetts' Boyle Strength

of Materials Laboratory. The facility is part of the structural engineering research

area, and due to its large scale, it was designed as a warehouse-style installation for

access to engineering materials, large-scale materials testing, etc. With this in mind,

during most experiments, the lab did not possess temperature or humidity control

capabilities common in standardized testing; thus, keeping track of temperatures and
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humidity was disregarded. However, anecdotally, the author noted changes in tem-

perature and humidity between experiments and within experimental runs, which

could introduce variability due to the viscoelastic nature of the soft sensor and the

support surface.

Experimental Set-up

The experimental setup used the materials described in section 5.3.2. The cali-

bration protocol called for two con�gurations: (1) at 0° incline or pure compression

and at 30° inclination to induce the presence of shear forces. A sample of these setups

appear in �gure 5.4 .
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Instron 3369 Frame 

100 N Load Cell 
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(a) Soft sensor pure compression (0°) setup.

Instron 3369 Frame 

100 N Load Cell 

Indenter Assembly 

Soft Sensor 

Foam Support Surface 

Polypropylene Sheet w. Guard 

Aluminum Frame 

Linear Actuator 

(b) Soft sensor combined load setup for shear (30°) setup.

Figure 5.4. (a) The �gure depicts essential components using the 0° inclination
mode. (b) Depicts essential components using the 30° inclination mode.
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Pre-Test

The author used previous soft sensor information from a pre-test or a test on

an earlier iteration to estimate the total time of the test. The soft sensor software

required the user to input a set number of samples to record and save. Using the

approximate sampling rate of the soft sensor (approx. 4.14 Hz), the author calculated

the possible number of samples (and added extra samples) to ensure that in most cases

the soft sensor recorded more samples than the 100 N load cell. The author calculated

the time for the 0° and 30° incline conditions to avoid the possibility of missing data.

Turingbot Software Settings

The author used the Turingbot software to establish the magnetic �eld to force

relationships. The functions were chosen to avoid domain errors. The functions

included addition, multiplication, sin(x), cos(x), and exp(x). The search metric was

the RMS error with an 80/20 train/test split. The test sample was chosen randomly.

Loading Scheme and Load Settings

The soft sensor's loading protocol for calibration included one loading pattern

(randomized) under two incline modes (0° and 30°) for one indenter condition (
at

punch). This combination totaled two experiments.

The soft sensor's loading protocol included six input forces ranging from 2 to 25

Newtons (N) and was executed two times, once for the 0° incline and then for the 30°

incline condition. Before testing, the force inputs were arranged in ascending order

(2 N, 5 N, 10 N, 15 N, 20 N, and 25 N), given a force id of 1-6, and then randomized

using the R software's sample function. After randomization, the force order was 20

N, 10 N, 25 N, 15 N, 2 N, and 5 N. In addition, a near 0N condition was recorded

before the step function execution for reference.

Before random loading, the sensor was pre-loaded using a sheet of paper between

the soft sensor and the supporting surface. The force at the interface was less than
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1-Newton, and once the sheet of paper was removed, the interface force dropped

signi�cantly to near 0N; thus, the pre-load force was considered negligible. At the

beginning of the data recording session, the sensor and the frame's load cell started

a 60-second recording period at the pre-load (insigni�cant) condition. Then, the

random testing was preceded by a pre-
ex state compressing the foam slab from

0 mm to 17.5 mm and back to 0 mm at 250 mm/min (frame rate). The pre-
ex

condition was done two times to mimic the test condition similar to [87]. Then, a

5-second rest period followed.

The author chose a random loading scheme to avoid systematic errors during

calibration, as proposed in [90], using a ramp style as in [9] and others. The ramp

rate during the test was 75 N/s, with a gain of 0.008 and a hold at each step of 240

seconds. The ramp rate, gain, and hold were somewhat arbitrary, as the goal was

to prevent peak forces from being too high during peak loading periods but allow

for su�cient settling time to record within a window of settled forces for quasi-static

analysis. Lastly, the 100-N load cell recorded forces at approximately 4.14 Hz to

match the soft sensor's sampling frequency. However, it was noted that the 100-N

load cell exhibited periods of variable sampling (usually sampling quicker) during

force transitions.

5.4 Soft Sensor Characterization Experiments

5.4.1 Summary of the Characterization Process

Once the inverse magnetic �eld vs. loading relationships were established, the

characterization process had one primary objective: quantifying soft sensor errors via

experimentation. The characterization process had three main experiments: (1) A

randomized force test in the 0° incline condition, (2) a sequential force test in the 0°

incline condition, and (3) a randomized force test in the 30° incline condition.
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5.4.2 Materials for the Characterization Process

Load Frame and Load Cell

The characterization experiments utilized a loading frame and load cell, as seen

in section 5.3.2.

Indenters

The characterization experiments utilized a 
at punch indenter assembly as de-

scribed in section 5.3.2.

Supporting Structure and Support Surface

The characterization experiments utilized a supporting structure and support sur-

face as described in section 5.3.2.

Soft Sensor Microcontroller and Software

The characterization experiments utilized a microcontroller as described in section

5.3.2. Although similar to what is described in section 5.3.2, the software had the

added calibration equations to output two calibrated compression values and one

shear value. The author then analyzed the two calibrated compression values post-

testing to discern the \best" equation.

5.4.3 Soft Sensor Characterization Protocol

The characterization protocol consisted of three experiments to quantify errors

via the % FSO metric. The experiments were conducted using three modes: (1) A 0°

incline (or pure compression) using a randomized force input, (2) A 0° incline using

a sequential force input, and (3) a 30° incline condition using a randomized force

input. All experiments were conducted with the soft sensor at a 
at punch condition,

loading into the �rm high-resiliency foam. What follows is a summary of experimental

settings.
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Experimental Environment

The characterization experiments were conducted under conditions described in

section 5.3.3.

Experimental Set-up

The experimental setup used the materials described in section 5.3.2, similar to

5.3.3. In this case, one of the 0° test conditions was used to quantify compression

% FSO during random loading, and the other 0° experiment included a sequential

test to quantify hysteresis and %FSO. Finally, the 30° serves to quantify shear and

compression using the % FSO metric.

Pre-Test

The author used previous information from a pre-test or a test on an earlier

iteration of the soft sensor to estimate the total time of the test as seen in 5.3.3. For

the 
at punch at 0 ° incline condition with random input forces, the total number of

samples calculated was approximately 6700 (after rounding). For the 
at punch at

0° sequential loading condition, the number of samples (calculated twice) was around

8,700 and 10,000 (after rounding) since the former proved too short on a �rst run

attempt. Lastly, for the 
at punch at 30 ° random loading condition, the number of

samples calculated was approximately 6,720 (after rounding).

Loading Scheme and Load Settings

The soft sensor's loading protocol for characterization included two loading pat-

terns (randomized and sequential) under two incline modes (0° and 30°) for one in-

denter condition (
at punch). This combination totaled three experiments since the

sequential loading was used only for pure compression (0° incline) to quantify hys-

teresis.

46



For the two random loading patterns (at 0° and 30°), the force inputs were arranged

in ascending order (3 N, 8 N, 13 N, 18 N, and 23 N), given a force id from 1-5, and then

randomized using the R software's sample function. After randomization, the actual

force order was 23 N, 3N, 13N, 18N, and 8 N. Notice that although the forces are

within the calibration range, the peak force values di�er from those in the calibration

test. For the sequential test, the forces were in acceding and descending order (0 N, 4

N, 11 N, 18 N, 25 N, 18 N, 11 N, 4 N, 0 N), and there was no need for randomization

as this was a hysteresis test as prescribed by [90]. Most of these forces were also

di�erent from the calibration loading scheme.

Before random and/or sequential loading, the sensor was pre-loaded using a sheet

of paper between the soft sensor and the supporting surface. The force at the interface

was less than 1-Newton, and once the sheet of paper was removed, the interface force

dropped signi�cantly to near 0N; thus, the pre-load force was considered negligible.

At the beginning of the data recording session, the sensor and the frame's load cell

started a 60-second recording period at the pre-load (insigni�cant) condition.

The random loading scheme in characterization was to avoid systematic errors as

in the calibration test, as proposed in [90], using a ramp style as in [9] and others.

The ramp rate during the test was 75 N/s, with a gain of 0.008 and a hold at each

step of 240 seconds. The ramp rate, gain, and hold were somewhat arbitrary, as

the goal was to prevent peak forces from being too high during peak loading periods

but allow for su�cient settling time to record within a window of settled forces for

quasi-static analysis. Lastly, the 100-N load cell recorded forces at approximately

4.14 Hz to match the soft sensor's sampling frequency. However, it was noted that

the 100-N load cell exhibited periods of variable sampling (usually sampling quicker)

during force transitions.
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5.5 Soft Sensor Comparison Experiments

5.5.1 Summary of the Comparison Experiments

After the sensor was partially characterized through a quick inspection of %FS

errors (%FSO was not used preliminarily), the author tested the soft sensor for com-

parison with a commercial alternative. The comparison testing protocol included one

loading pattern (maximum load) for two sensors (soft sensor and commercial), using

two indenters con�gurations (
at punch and standard inspired) under two incline

modes (0° and 30°). These totaled eight experiments, or four unique experimental

settings, done for each sensor alternative, all under one maximum load. Although

not strictly followed, some aspects of the testing protocol, materials, and the number

of replicates were inspired by the RESNA Surfaces Standard [14].

5.5.2 Materials for the Comparison Experiments

Load Frame and Load Cell

The comparison experiments utilized a loading frame and load cell, as seen in

section 5.3.2.

Indenters

The comparison experiments utilized a 
at punch indenter assembly as described

in section 5.3.2. In addition, some comparison experiments required the standard

inspired indenter. The standard inspired indenter's (STDI) overall geometry, design,

and dimensions was also inspired by [14] with some modi�cations. For example,

the indenter in the standard presented a dual hemispherical design [14]; however,

the STDI presented here was realized as a single hemisphere per sensor alternative

with similar geometry and dimensions (with some variability due to manufacturing

and design tolerances, e.g., overall radius of curvature for sensor placement). The

primary motivation for this design change was the geometry restrictions given by

the load frame. Another modi�cation included eliminating all but one cavity for

48



sensor placement, whose dimensions were altered to �t each sensor (the soft sensor

and commercial alternatives). Lastly, modi�cations to the posterior side of both

STDIs (the side interfacing with the 100-N load cell and load frame) allowed for cable

management, sensor placement, and attachment to the sensors and an incline (30°)

�xture. A visual representation of the curved indenters can be seen in�gure 5.5 .

 

 

 

 

 

 

 

 

 

 

3D Printed STDI 

Soft Sensor 

(a) Soft Sensor within STDI.

 

 

3D Printed STDI 

Nano17 

(b) Commercial Alternative within STDI.

Figure 5.5. Curved Indenters. (a) The �gure depicts the soft sensor within a 3-D
printed Standard Inspired Indenter (STDI). (b) The commercial alternative (Nano17)
is depicted within a 3-D printed Standard Inspired Indenter (STDI). Curved indenter
design based on [14].
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Supporting Structure and Support Surface

The comparison experiments utilized supporting structures (for 0° and 30°) and a

support surface as described in section 5.3.2.

Soft Sensor Microcontroller and Software

The characterization experiments utilized a microcontroller as described in section

5.3.2. Although similar to what is described in section 5.3.2, the software had the

added calibration equations to output two calibrated compression values and one

shear value. The author then analyzed the two calibrated compression values post-

testing to discern the best equation.

Commercial Sensor, PC Interface, and Software

The author chose the Nano 17 (ATI Industrial Automation) [91] as the commercial

alternative for the comparison experiments. A similar sensor was employed as a

calibration load cell in a study [68]. The Nano 17 (calibration SI-12-0.12) is a 6-axis

force and torque sensor with ranges inFx , Fy = 12 N, Fz = 17 N, and Tx , Ty, Tz =

120 Nmm [91].

The accessories for the interface with a PC included a National Instruments DAQ

card (NI PCI-6229), a DAQ cable (National Instruments, 192061-02), an ATI cable

(9105-C-PS-U2), a terminal block (National Instruments, CB-68LPR), a DAQ F/T

interface box (ATI 9105-IFPS-1), and a twelve-pin transducer cable for the Nano 17

(ATI).

The software used for data collection was the ATI DAQ F/T.NET Demo software

with calibration (FT7004). The software was set to a sampling rate of approximately

4.14 Hz to match (as closely as possible) the 100-N load cell and soft sensor's sampling

rates.
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5.5.3 Soft vs. Commercial Sensor Comparison Protocol

The comparison protocol consisted of eight experiments to compare the custom-

made soft sensor's performance to the commercial alternative. The experiments were

conducted using four variants: (1) A 0° incline (or pure compression), using a 
at

punch indenter condition, at a maximum force; (2) a 0° incline, using a standard

inspired indenter, at a maximum force, (3) a 30° incline using a standard inspired

indenter, and (4) a 30° incline condition using a 
at punch indenter condition, at a

maximum force. Both sensors were tested using these four variants, loading them

into the �rm high-resiliency foam. What follows is a descriptive summary of the

experimental settings.

Experimental Environment

The comparison experiments were conducted under similar conditions described

in section 5.3.3.

Experimental Set-up

The experimental setup used the materials described in section 5.3.2, similar to

5.3.3. In these experiments, the incline setups (0° and 30°) were run per indenter type

(
at punch and STDI) and per sensor (soft and commercial) to quantify performance

and create comparisons.
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(a) Flat Punch at 0° Incline (b) Flat Punch at 30° Incline
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Figure 5.6. Compassion experiments showing 4 of 8 con�gurations. (a) Shows 
at
punch condition at 0°. (b) Shows 
at punch condition at 30°; digital angle gauge
removed before testing. (c) Shows STDI Indenter at 0°. (d) Shows STDI Indenter
at 30°. (a-b) Show commercial alternative Nano17, (c-d) uses the soft sensor (not
visible). The other 4 sensor variations are not shown for brevity.

Pre-Test

The author used previous information from a pre-test or a test on an earlier

iteration of the soft and commercial sensors to estimate the total time of the test

as seen in 5.3.3. For the soft sensor, the calculated number samples were as follows:

(1) For the 
at punch at 0 ° incline condition, 1,800 samples (after rounding), (2) for

the STDI indenter at 0°, approximately 1,600 samples (after rounding), (3) for the


at punch at 30° approximately 1,650 samples (after rounding), and (4) for the STDI

indenter at 30°, approximately 1,800 samples (after rounding).
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The author prescribed elapsed time as the ending metric for the commercial sensor

instead of the number of samples. Thus the inputs for elapsed time (in milliseconds)

were: (1) for the 
at punch at 0° incline condition, approximately 600,000 ms (after

rounding), (2) for the STDI indenter at 0°, approximately 520,000 ms (after rounding),

(3) for 
at punch at 30 ° approximately 610,000 ms (after rounding), and (4) for STDI

indenter at 30°, approximately 500,000 ms.

Loading Scheme and Load Settings

The soft and commercial sensor's loading protocol for comparison included one

loading pattern, i.e., loading to a maximum prescribed force. The loading happened

under two incline modes (0° and 30°) using two indenters (
at punch and STDI) for

two sensors (soft and commercial). This combination totaled eight experiments.

The peak force requirement mimics the testing conditions seen in the RESNA

Standard [14]; however, at a di�erent peak value. The maximum force used for each

sensor was calculated separately since both sensors had di�erent diameters. Thus, to

normalize loading for comparison, both sensors were assumed to carry a maximum

load of approximately 137.3 mmHg. This total load requirement yielded a full force

loading of 23 N for the soft sensor and 4.15 N for the commercial sensor. Since

loading happened at one peak value, no randomization was necessary. The standard

required an on-loading to o�-loading back to an on-loading sequence, which the author

programmed as a ramp function, with �ve replicates for ten peak loads [14]. In some

cases, more than 5 replicates were taken, anticipating possible errors (or suspecting

errors) in data collection, such as accidentally bumping the Instron machine while

collecting data or other types of human error.

Before loading, both sensors were pre-loaded using a sheet of paper between the

soft (or commercial) sensor and the supporting surface. The force at the interface

was less than 1-Newton, and once the sheet of paper was removed, the interface
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force dropped to near 0 N; thus, the pre-load force was considered negligible. After

pre-load, The 100-N cell and the Nano17 were zeroed before the test; however, the

soft sensor did not have a tare or zero functionality. At the beginning of the data

recording session, each sensor and the frame's load cell started a 60-second recording

period at the pre-load (negligible) condition.

The RESNA standard did not appear to have guidance on quantitative ramp rates

or gains for the frames during the test other than qualitative loading and o�oading

instructions [14]. The author used a ramp rate of 75 N/s, with a gain of 0.008.

As previously stated, the gain and ramp rates were somewhat arbitrary, as the goal

was to prevent peak forces from being too high during peak loading periods. The

Standard did include guidance on loading holds; thus, a 60-second and a 130-second

hold were included to re
ect the RESNA Standard [14]. Lastly, the 100-N load cell

recorded forces at approximately 4.14 Hz to match both sensors' sampling frequencies.

However, it was noted that the 100-N load cell exhibited periods of variable sampling

(usually sampling quicker) during force transitions.
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5.6 Statistical Software

The R statistical software (version 4.3.1 and previous) was used in several aspects

of data visualization and data manipulation in all phases of this work. Also, R was

used for the descriptive statistics and bootstrapping calculation with several pack-

ages, including the Mosaic package. Regarding bootstrapping used in the comparison

experiments, the author adapted and modi�ed a code from [92] to produce the data

visualization (box plots and histograms) and bootstrapped con�dence intervals. The

author of this dissertation also set a seed as recommended by [93] and others.

5.7 Contact Mechanics Approximations

Although the contact mechanics approximations are analytical in nature, some

exploratory experimental work was done to assess the mechanical behavior of the

support surface, i.e., the high-resiliency foam. This exploratory work did not follow

any strict procedure and lacked the rigor of standard procedures (set-up, frame rate,

temperature, humidity, pre-load force, etc.) as in [87]; however, it was su�cient to

approximate the foam's modulus since the information was unavailable to the author.

During the exploratory work, the author tested two foams of di�erent sti�ness

using a series of loading and unloading sequences in compression. The output �le

from the sequences can be seen on�gure 5.7 . In this work, only the data for

foam 2 was used (marked as 2 and using the burgundy color) since it was the high-

resiliency foam used in calibration, characterization, and comparison experiments.

Chronologically, this foam exploratory experiment was conducted months before all

other experiments presented here. The loading frame used was the same one used in

all other experiments; however, there might be some discrepancy since the loading

frame was re-calibrated after this foam experiment but before all other experiments.

The load cell used was a 50 kN, serial number 57578 from Instron. Also, a compression
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platen 150 mm diameter (approx. 6 inches), catalog number 2501-084 from Instron,

was used as a 
at indenter.
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Figure 5.7. Foam compression exploratory experiment. Figure the loading and
unloading curves for two foams. This work only used the data from one of the
downward curves from foam 2 (in burgundy) since this was the foam used in all other
experimental work.
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CHAPTER 6

RESULTS, ANALYSIS, AND DISCUSSION

6.1 Scope

This chapter presents the data cleaning, visualization, and analysis process for

both the soft sensor and the commercial alternative. It starts by summarizing the

data cleaning procedures and providing a preliminary analysis through data visualiza-

tion. Then, it quanti�es the calibration and characterization results via error metrics.

Finally, this chapter o�ers a comparative analysis via a bootstrapped 95-percentile

con�dence interval.

6.2 Data Clean-up Summary

The output of this �rst experiment featured data �les for the 100-N load cell

and the soft sensor. The 100-N cell output �le was in .csv format, containing all

duplicates for the experiments, while the soft sensor output �le was in text format.

The main objective was to prepare the output �les for insertion into MS Excel or the

R statistical software for further manipulation.

The soft sensor �les required the most processing because they contained the

necessary output, such as magnetic �eld values in x, y, and z (or later denoted Bx,

By, Bz), and additional information. They also contained experiment labeling in-

formation input by the user and other calculated information. Although valid for

experimental records, this user information (such as experiment name, test condi-

tions, etc.) and extra computed information (quick-reference descriptive statistics,

sampling rate, elapsed time, etc.) were discarded from the �nal output �le. The �nal
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output �le only contained information needed for data visualization and calibration.

Also, column labeling through naming and assignment of units was necessary.

Although not as involved, a similar rationale was applied to the 100-N load cell

output �le. Most importantly, column labeling with consistent naming and units was

critical, as in the soft sensor case.

6.3 Calibration Experiments Results

6.3.1 Calibration Experiment 1

The experiment parameters were 
at indenter (soft sensor) at a 0° incline, with

randomized loading from 0 to 25 N. Multiple runs were taken (for redundancy) to

ensure successful analysis in case of experimental errors. Only one run was considered

in the analysis.

Data Visualization

The data for the �rst calibration experiment appears as a 4-panel plot with the

100-N load cell as the input signal and the three magnetic �elds in the x, y, and z axes

(labeled Bx, By, and Bz) as the output signals seen in�gure 6.1 . The purpose was

to establish a relationship between the loading input force and the sensed magnetic

�elds. Since this calibration experiment is in pure compression, the magnetic �eld in

z (denoted as Bz) was expected and was observed to have the best tracking among

all the output signals. However, there is also evidence of minor tracking in the x-axis

�eld (denoted Bx).

Note that this experiment sought a quasi-static relationship; thus, the compared

values only happen at speci�c time windows within a step or peak force. In this case,

out-of-sync signals are not of concern.

Lastly, it can be seen that there is evidence of quantization of all three output

signals, i.e., in the Bx, By, and Bz �elds.
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Figure 6.1. Four-panel calibration at 0° incline, with a 
at-punch indenter, input
and output plot. The input force is denoted in red (A) from the 100-N load cell, and
outputs from the soft sensor in blue (B), gray (C), and green (D), denote magnetic
�elds in Bz, By, and Bx, respectively. The gray box area denotes the quasi-static
25-second time window at times 20 s, 200 s, 500 s, etc.

Descriptive Statistics

The data statistics for this �rst set of calibration experiments (0-degree inclination,

with the soft sensor as a 
at punch indenter, and a random force pattern) are sum-

marized using four tables. The �rst two tables summarize the input force in Newtons

(N) for the 100-N load cell within the loading frame. The second group tables (i.e.,

tables 3 and 4) summarize the output tri-axial magnetic �elds in milli-Tesla (mT).

The data is grouped by Force ID, which signi�es the force pattern programmed into

the loading frame. Each force group contains 100 samples, which is approximately 25

seconds of data, taken at the reference times marked on �gure6.1 panel (A). Since

the sampling rate was not exactly 4 Hertz, the data was truncated to even groups of

100 samples each.
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The �rst set of descriptive statistics for the 100-N load-cell is displayed in tables

6.1 and 6.2. Table 6.1 uses means and standard deviations as metrics while table6.2

uses medians and range (as maximum and minimums). In the compression case, the

means for the 100-N cell are very close to the intended input. In addition, the spread

of the data is also displayed as standard deviations and range values (minimum and

maximum) for reference. The mean and median calculated values for shear are 0.0;

however, these values are only for reference in the subsequent calibration table, as a

true interface shear can not be obtained by the 100-N cell as this is only a uni-axial

load cell.

Table 6.1. Descriptive Statistics for 100-N load cell at 0° incline based on means and
standard deviation. Note that shear values are calculated. All values are in Newtons
(N). Data is displayed in ascending input order for ease of analysis.

Table 6.2. Descriptive Statistics for 100-N load cell at 0° incline based on median
and range. Note that shear values are calculated. All values are in Newtons (N).
Data is displayed in ascending input order for ease of analysis.
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The second set of descriptive statistics, i.e., the soft sensor statistics, are displayed

in tables 6.3 and 6.4. Table 6.3 uses means and standard deviations as metrics while

table 6.4 uses medians and range (as maximum and minimums). In the compression

case, as seen in �gure6.1, the magnetic �eld values in Bz are the most critical. The

mean Bz values for the Force IDs 0 to 25 N show a small measurable change in

magnetic �eld values. In addition, the spread of the data within each Force ID is

also displayed as standard deviations and range values (minimum and maximum) for

reference.

Table 6.3. Descriptive Statistics for the soft sensor at 0° incline based on means and
standard deviation. All values are in milli-Tesla (mT). Data is displayed in ascending
input order for ease of analysis.

Table 6.4. Descriptive Statistics the soft sensor at 0° incline based on median and
range. All values are in milli-Tesla (mT). Data is displayed in ascending input order
for ease of analysis.
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6.3.2 Calibration Experiment 2

The experiment parameters were 
at indenter (soft sensor) at a 30° incline, with

randomized loading from 0 to 25 N. Multiple runs were taken (for redundancy) to

ensure successful analysis in case of experimental errors. Only one run was considered

in the analysis.

Data Visualization

The data for the second calibration experiment appears as a 5-panel plot. The

100-N load cell has two calculated input signals, i.e., compression and shear, and three

magnetic �eld values as output signals, Bx, By, and Bz, seen in�gure 6.2 . Again,

the purpose was to establish a relationship between the loading input forces and the

sensed magnetic �elds. In this case, the calibration experiment was in the incline

con�guration to observe shear; thus, at least two axes, Bx and Bz, were expected and

were observed to have good tracking. There is some minor tracking in the By �eld

and evidence of quantization in all three output signals. There is also some evidence

of saturation in Bz at around 26 mT; however, this saturation seems to be induced

by the incline or the soft sensor material. The data on the pure compression case

(calibration experiment 1) o�ers some proof of this claim. In the previous compression

case (�g. 6.1 calibration experiment 1), the sensor detected values well around 28

mT at an input force of 35 N during the pre-
ex (before the 100 s timestamp) without

any evidence of saturation.

Descriptive Statistics

The data statistics for the second set of calibration experiments (30-degree in-

clination, soft sensor indenter, and a random force pattern) are summarized using

four tables. The �rst two tables summarize the input force in Newtons (N) for the

100-N load-cell part of the loading frame. The second group of tables (i.e., tables 3

and 4) summarize the output tri-axial magnetic �elds in milli-Tesla (mT). The data
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Figure 6.2. Five-panel calibration at 30° incline, with a 
at-punch indenter, input
and output plot. The input forces from 100-N cell appear as calculated compression
and shear are denoted in red (A) and dark red (B), respectively. The outputs from
the soft sensor in blue (C), grey (D), and green (E) denote magnetic �elds in Bz,
By, and Bx, respectively. The gray box area denotes the quasi-static 25-second time
window at times 20 s, 200 s, 500 s, etc.

is grouped by ascending Force ID for ease of analysis, and the values are shown as

calculated compression and shear. Each force group contains 100 samples, approxi-

mately 25 seconds of data, taken at the reference times marked on all panels in �gure

6.2. Since the sampling rate was not exactly 4 Hertz, the data was truncated to even

groups of 100 samples each.

The �rst set of descriptive statistics for the 100-N load-cell is displayed in tables

6.5 and 6.6. Table 6.5 uses means and standard deviations as metrics while table

6.6 uses medians and range (as maximum and minimums). In the compression and

shear cases, mean values are very close to the intended input. In addition, the spread

of the data is also displayed as standard deviations and range values (minimum and

maximum) for reference. As with the previous case, in the calibration for 0-degree
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Table 6.5. Descriptive Statistics 100-N Load Cell based on means.
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Table 6.6. Descriptive Statistics 100-N Load Cell based on median and range.
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inclination, a true interface shear can not be obtained by the 100-N cell as this is only

a uni-axial load cell.

Table 6.7. Descriptive Statistics for the Soft Sensor based on means.
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Table 6.8. Descriptive Statistics for the Soft Sensor based on median.
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The second set of descriptive statistics, i.e., the soft sensor statistics, are displayed

in tables 6.7 and 6.8. Table 6.7 uses means and standard deviations as metrics while

table 6.8 uses medians and range (as maximum and minimums). In the compression

case, the magnetic �eld values in Bz are the most critical, while for shear, the same

is true for Bx. Bz and Bx show measurable changes for each input value, with Bx

(shear) showing the biggest value changes. One can also see the evidence of saturation

in both means and medians in Bz toward the highest load (P) values.
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6.4 Calibration Equations

After completing the calibration experiments, the author constructed two compre-

hensive calibration tables to feed into the Turingbot software. One calibration table

included only means at each time window, while the second had all points within

the 25-second window. The means-only or �rst table assisted in constructing one

compression and one shear equation, while the second yielded a second compression

calibration option based on more points. The software allows for a multiple-input,

single-output (MISO) equation construction based on the desired parameters; thus,

compression and shear outputs were constructed separately. The equations for both

compression and shear are shown in the following sections.

6.4.1 Compression Equations

The compression data sets were based on either means or all points within each

force and inclination condition. The Turingbot software produced each equation

based on �ve parameters: addition, multiplication, sin, cos, and power.Equations

6.1 and 6.2 show compression in the z-axis as a function of the tri-axial magnetic

�eld values (Bx, By, and Bz). CompZ1 is the means-only equation with an error

of approx. 0.8 RMSE whileCompZ2 with an RMSE error of approx. 0.45 is the

all-points equation. The coe�cients were rounded to two decimal places for ease of

display.

CompZ1 = cos(� 2:48� Bx ) + Bz� (6.1)

(( � 1:03� cos(� 1:17 + 2:74� By � Bz)) �

(� 12:30 + 0:97� Bx ))
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CompZ2 = � 11:74 + (Bz + Bx � (4:02� (cos(Bz + 1:10)+ (6.2)

cos(0:33� Bx � 0:24� cos(Bx � (� 13:68� Bz � By))+

(� 0:75� Bz)) + cos(1:01� Bz))) � 1:44)

6.4.2 Shear Equation

The shear data set contained only the means within the 25-second windows (a

single point per window) for each force and inclination condition. The Turingbot

software produced an equation based on �ve parameters: addition, multiplication,

sin, cos, and power.Equation 6.3 shows shear in the x-axis as a function of the tri-

axial magnetic �eld values (Bx, By, and Bz). The equation coe�cients were rounded

to two decimal places for ease of display.ShearX equation has an RMSE of approx.

0.11

ShearX = 1:23� (� 0:47� cos(cos(Bz + By) + Bx ) + Bx ) (6.3)
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6.5 Range Calculations

The author performed the range calculations post-hoc since only the calibration

experiments included the full range of the output. The output, however, was the

raw magnetic �eld values (in mT units) since the calibration experiments preceded

the construction of the calibration equations. Thus, the magnetic �eld values from

the calibration experiments were inserted in `best' compression and shear equations

equations 6.2, 6.3 to obtain the range in force units or Newtons (N). It is worth

mentioning that the author attempted to conduct post-hoc range experiments; how-

ever, upon inspecting the range data, the sensor was deemed out of calibration. The

author theorizes that temperature and humidity conditions seemed to di�er enough

from the other experiments to change the readings (but other factors could be at

play) thus that data was not used.

6.5.1 Compression Range

The �rst calibration experiment (0-degree incline) yielded the maximum compres-

sion force at approximately 25 N. Thus, the Bx, By, and Bz mean values fromtable

6.3 for the 0 N and 25 N conditions were used. These mean magnetic �eld val-

ues were inserted in the full version ofequation 6.2 (no rounded coe�cients) via a

Python script, producing a minimum compression value of 0.33 N and a maximum

value of 24.28 N.

Then the output rangerout according to, and modi�ed from, [90] is nothing more

than:

rout = ymax � ymin (6.4)

rout =23:95N
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, whereymax and ymin are the maximum and minimum calculated compression values

from the soft sensor as seen and modi�ed from [90].

6.5.2 Shear Range

The second calibration experiment (30-degree incline) yielded the most signi�cant

shear force at approximately 12.5 N. Thus, the Bx, By, and Bz mean values from

table 6.7 for the 12.5 N condition were used. These mean magnetic �eld values were

inserted in the full version ofequation 6.3 (without rounding) via a Python script,

producing a maximum shear value of 12.58 N and the same compression minimum

was used as for theymin or 0.33 N.

Then similar to the compression, the shear output rangerout according to (and

modi�ed) from [90] is nothing more than:

rout = ymax � ymin

rout =12:25N

, whereymax and ymin are the maximum and minimum calculated compression values

from the soft sensor as seen and modi�ed from [90].

Lastly, these two calculated range values are used in the subsequent sections to

calculate full-scale output (FSO) errors.
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6.6 Characterization Experiments Results

6.6.1 Characterization Experiment 1

The experiment parameters were similar to the calibration case but included a

di�erent randomized force pattern. The parameters for this experiment had a 
at

indenter (soft sensor) at a 0° incline and six loading conditions from 0 to 23 N (labeled

P1-P6) in randomized order (P1, P6, P2, P5, P3, P4). Both the forces' magnitudes

and loading patterns di�ered from the calibration case. Multiple runs were taken (for

redundancy) to ensure successful analysis in case of experimental errors. Only one

run was considered in the analysis. The following sections contain observations based

on data visualization, descriptive statistics, and quanti�cation of errors. Lastly, this

set of results ends with a brief discussion.

Data Visualization

The data for the �rst characterization experiment appears as a 4-panel plot seen

in �gure 6.3 . The 100-N load cell was the input signal (seen in red, within panel

A), followed by the soft sensor's two compression outputs and one shear output. The

output signals have a calculated moving average for reference, which appears as a

dotted line across each output signal.

A few observations were based on the visualization�gure 6.3 . The soft sensor's

second equation output seemed to track the best qualitatively and quantitatively.

Also, the shear output follows around 0 N, as expected, since this was a 0° incline or

pure compression experiment. Lastly, the quantization e�ects appear to have carried

over through the calibration equations.

Descriptive Statistics

The data statistics for the �rst set of characterization experiments (0-degree incli-

nation, soft sensor indenter, and a random force pattern) are summarized using four

tables. The �rst two tables summarize the input force in Newtons (N) for the 100-N
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Figure 6.3. Four-panel characterization at 0° incline, with a 
at-punch indenter,
input and output plot. The input force is denoted in red (A) from the 100-N load
cell, and calibrated outputs from the soft sensor compression equation 1 (B), com-
pression equation 2 (C), and shear equation (D), respectively (all in Newtons, N),
with individual measurements represented by light blue dots. Horizontal dashed lines
in each sensor output (B-D) denote calculated moving averages for reference. Vertical
gray boxes denote quasi-static references at times 20, 200 s, 500 s, etc.

load-cell part of the loading frame. The second group of tables summarizes the soft

sensor output using the discussed calibration equations. The data is grouped by Force

ID, which signi�es the force pattern programmed into the loading frame; however,

it is shown in sequential order (not experimental order) for ease of inspection. Each

force group contains 100 samples, which is approximately 25 seconds of data, taken

at the reference times marked on�gure 6.3 panel (A). Since the sampling rate was

not exactly 4 Hertz, the data was truncated to even groups of 100 samples each.

Observations are also made via both sets of descriptive statistics. This �rst set

of descriptive statistics shows the 100-N load cell output as a very stable reference

signal as seen intables 6.9 and 6.10 . Each load step (P1 - P6) shows mean values
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Table 6.9. Descriptive Statistics 100-N Load cell based on mean and standard
deviation. Characterization at 0-degree inclination using a random force pattern.
Loading is arranged in sequential order for ease of analysis (P1-P6).

Table 6.10. Descriptive Statistics 100-N Load cell based on medians and range (min,
max). Characterization at 0-degree inclination using random force pattern. Loading
is arranged in sequential order for ease of analysis (P1-P6).

approximately within 0.2 of the intended targets, with a maximum range of about

0.11 in the case of P5.

The second set of descriptive statistics shows the soft sensor outputs based on

two compression equations and one shear equation seen intables 6.11 and 6.12 .

Although these outputs are not as stable as the reference signal, they are close to

the prescribed force and are later quanti�ed via the % FSO metric. As seen in the

data visualization portion, CompZ2 is more stable, demonstrated by the minimum

and maximum values compared to theCompZ1 output.
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Table 6.11. Descriptive Statistics for soft sensor based on mean and standard devia-
tion. Characterization at 0-degree inclination using a random force pattern. Loading
is arranged in sequential order for ease of analysis (P1-P6).

Table 6.12. Descriptive Statistics for soft sensor based on medians and range (min,
max). Characterization at 0-degree inclination using random force pattern. Loading
is arranged in sequential order for ease of analysis (P1-P6).

74



Quanti�cation of Errors

Table 6.13 shows the magnitude of force values and errors during loading for

both the 100-N load cell and the soft sensor. As mentioned, shear values are assumed

and presented as zero since the 100-N load cell is only a uni-axial force sensor. Errors

were quanti�ed for the soft sensor via the %FSO metric, displayed per loading step

for both compression and shear. Absolute values of %FSO were taken at each loading

step. Finally, the average values based on all six loading conditions are shown.

Table 6.13. Quanti�cation of the soft sensor loading errors at a 0-degree inclination.
Loading errors are quanti�ed per loading steps (absolute values of %FSO were taken
at each loading step) and as averages for compression and shear using % FSO. The
values for the 100-N load cell are also shown for reference.

100-N Load Cell 100-N Load Cell S. Sensor S. Sensor FSO Comp. FSO Shear
Test ID Calc. Comp. (N) Calc. Shear. (N) Comp. (N) Shear (N) Comp. (%) Shear (%)
0D 0N 0.00 0.00 0.32 -0.08 1% 1%
0D 23N 23.00 0.00 20.45 0.15 11% 1%
0D 3N 3.01 0.00 1.76 0.00 5% 0%
0D 18N 17.98 0.00 15.87 0.14 9% 1%
0D 8N 8.01 0.00 5.89 0.17 9% 1%
0D 13N 12.99 0.00 11.12 0.14 8% 1%

Averages: 7% 1%

Discussion

Despite the large variability in soft sensor output, errors are close to or below the

10 % FSO threshold for all loading steps and, consequently, on average. Compression

values exhibit the most signi�cant % error values individually and on average, with

a maximum of around 11 % FSO at the 23 N condition and approx. 7 % on average.

The author theorizes that these errors are correlated to the quantization of outputs

during calibration, which seemed to be worse for Bz or the z-axis magnetic �eld

component. The Bz output is the most dominant component in compression; thus,

the quantization might be due to the small range of magnetic �eld values produced,

which are only within approximately 2-3 mT for overall loads of 0 to 25 N. In addition,

the calibration data also showed evidence of saturation for Bz at higher loads for the

30-degree inclination. Although this saturation is not believed to be due to a magnetic
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�eld saturation but rather a physical artifact (due to geometry, magnet placement,

and displacement), the overall calibration equation could have su�ered from the added

e�ects of low range and saturation. Regarding shear, the soft sensor performed best

with most % FSO errors at an average of around 1 %. Since the Bx magnetic �eld

component was more dominant for shear, it is believed that a more extensive range

and a lower quantization e�ect contributed to a better performance.
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6.6.2 Characterization Experiment 2

In contrast to the previous characterization experiment, this experiment included

sequential loading to quantify hysteresis. The other parameters of this experiment

included a 
at indenter (soft sensor) at a 0° incline and nine loading conditions from

0 to 25 N (labeled P1-P9). The forces' magnitudes and loading patterns generally

di�ered from the calibration case (except for the maximum and minimum loads).

Multiple runs were taken (for redundancy) to ensure successful analysis in case of

experimental errors. Only one run was considered in the analysis. The following

sections contain observations based on data visualization, descriptive statistics, and

quanti�cation of errors. Lastly, this set of results ends with a brief discussion.

Data Visualization

The data for the second characterization experiment appears as a 4-panel plot,

labeled A-D, seen in�gure 6.4 . In �gure 6.4 , the 100-N load cell was the input

signal, followed by the soft sensor's two compression outputs and one shear output.

The output signals have a calculated moving average, which appears as a dotted line

across each output signal.

The soft sensor's compression equation 2 output signal seemed to track the best

qualitatively and quantitatively. As expected, the shear output tracks around 0 N

since this was a 0° incline or pure compression experiment. The quantization ef-

fects seem to have carried over through the calibration equations as in the previous

characterization results.

Descriptive Statistics

The data statistics for this �rst set of characterization experiments (0-degree in-

clination, soft sensor indenter, and a sequential force pattern) are summarized using

four tables. The �rst two tables summarize the input force in Newtons (N) for the

100-N load-cell part of the loading frame. The second group of tables translates the
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Figure 6.4. Four-panel calibration at 0° incline, with a 
at-punch indenter and se-
quential loading input and output plot. The input forces from the 100-N cell appear
as calculated compression in red (A). The outputs from the calibrated soft sensor
with compression equation 1 (B), compression equation 2 (C), and shear equation
(D), respectively, with individual measurements shown with light blue dots. Horizon-
tal dashed lines in each sensor output (B-D) denote calculated moving averages for
reference. Vertical gray boxes denote quasi-static references at times 20 s, 200 s, 500
s, etc.

soft sensor output using the discussed calibration equations. The data is grouped

by Force ID, which signi�es the force pattern programmed into the loading frame in

sequential order. Each force group contains 100 samples, which is approximately 25

seconds of data, taken at the reference times marked on�gure 6.4 panels (A-D).

Since the sampling rate was not exactly 4 Hertz, the data was truncated to even

groups of 100 samples each.

Observations are also made via both sets of descriptive statistics. This �rst set of

descriptive statistics shows the 100-N load cell output as a very stable reference signal

as seen intables 6.14 and 6.15 . When rounded, each load step (P1 - P9) shows
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Table 6.14. Descriptive statistics for the 100-N load cell based on mean and
standard deviation. Characterization at0-degree inclination using a sequential
force pattern. Loading is arranged in sequential order for ease of analysis (P1-P9).

Table 6.15. Descriptive statistics for the 100-N load cell based on median and
range. Characterization at0-degree inclination using a sequential force pattern.
Loading is arranged in sequential order for ease of analysis (P1-P9).

mean values at approximately the intended targets, except at the 18 N downward step

with a value of approximately 0.04 N away from the intended target. The data spread

is relatively small, with standard deviations at or less than 0.04 N and a maximum

range of approximately 0.13 N in the case of P4 (force ID 18N).

The second set of descriptive statistics shows the soft sensor outputs based on

two compression equations and one shear equation seen intables 6.16 and 6.17 .

Although these outputs are not as stable as the reference signal, they are close to

the prescribed force and are later quanti�ed via the % FSO metric. As seen in the

data visualization portion, CompZ2 is more stable, demonstrated by the minimum

and maximum values compared to theCompZ1 output.

Quanti�cation of Errors

Table 6.18 shows the magnitude of force values and errors during loading for

both the 100-N load cell and the soft sensor. As mentioned, shear values are assumed
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Table 6.16. Descriptive statistics for thesoft sensor based on mean and standard
deviation. Characterization at0-degree inclination using asequential force pattern.
Loading is arranged in sequential order for ease of analysis (P1-P9).

Table 6.17. Descriptive statistics for thesoft sensor based on median and range.
Characterization at 0-degree inclination using a sequential force pattern. Loading
is arranged in sequential order for ease of analysis (P1-P9).

and presented as zero since the 100-N load cell is only a uni-axial force sensor. Errors

were quanti�ed for the soft sensor via the %FSO metric, displayed per loading step

for both compression and shear. Absolute values of %FSO were taken at each loading

step. Finally, the average values based on all nine loading conditions are shown.

Hysteresis

Hysteresis was quanti�ed by using�gure 6.5 , table 6.19 (using a similar ap-

proach from [90]),equation 6.5 adapted and modi�ed from [90], andequation 6.6

adapted and modi�ed from [90]. Figure 6.5 o�ers a visual representation of the
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Table 6.18. Quantifying the soft sensor loading errors at a0-degree inclination
with sequential loading. Loading errors are quanti�ed per loading steps (absolute
values of %FSO were taken at each loading step) and as averages for compression and
shear using % FSO. The values for the 100-N load cell are also shown for reference.

100-N Load Cell 100-N Load Cell S. Sensor S. Sensor FSO FSO
Test ID Calc. Comp. (N) Calc. Shear. (N) Comp. (N) Shear (N) Comp. (%) Shear (%)
0D 0N Up 0.00 0.00 0.51 -0.01 2% 0%
0D 4N Up 4.00 0.00 4.06 0.00 0% 0%
0D 11N Up 11.00 0.00 9.98 0.14 4% 1%
0D 18N Up 18.00 0.00 17.78 0.14 1% 1%
0D 25N Peak 25.00 0.00 23.59 0.24 6% 2%
0D 18N Down 17.96 0.00 17.34 0.19 3% 2%
0D 11N Down 11.00 0.00 9.84 0.17 5% 1%
0D 4N Down 4.00 0.00 3.88 0.17 1% 1%
0D 0N Down 0.00 0.00 0.54 0.00 2% 0%

Averages: 3% 1%

maximum di�erence between the uploading and downloading curves as denoted by

the grey dash line, which occurs around the 18 N input. To quantify this di�erence,

the author usedequation 6.5 and constructedtable 6.19 . Finally, equation 6.6

was used to calculate the % hysteresis for the soft sensor.

Hystdif f = yup � ydown (6.5)

Table 6.19. Calculating maximum di�erence for hysteresis analysis.

Upscale (N) Downscale (N)
X input Youtput X input Youtput Di�. ( Yup � Ydown)
0.00 0.51 25.00 23.59 0.03
4.00 4.06 17.96 17.34 0.18
11.00 9.98 11.00 9.84 0.14
18.00 17.78 4.00 3.88 0.44
25.00 23.59 0.00 0.54 0.00

Max = 0.44

HystMaxError =( Hystdif f =rout )(100) (6.6)

HystMaxError =(0 :44=23:95)(100)

HystMaxError =2%
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Figure 6.5. Loading and Unloading curve. Upscale and downscale values appear in
blue and red, respectively. The grey dash line denotes the greatest di�erence shown
at approximately x = 18 N.

Discussion

Consistent with the previous characterization experiment, errors are all below the

10 % FSO threshold for all loading steps and, consequently, on average. Compression

values exhibit the most signi�cant % error values individually and on average, with

a maximum of 6 % FSO at the peak or 25 N condition and 3 % on average. These

errors are lower than in the previous characterization experiment. As previously

discussed, the author theorizes that these errors are correlated to the quantization

of outputs during calibration. Regarding shear, the soft sensor performed better

than in compression with the worst individual % FSO errors around 2 % and an

average of approx. 1 %. These results are similar to the ones seen in the previous

characterization experiment, which also yielded average shear values around 1 %.

Lastly, hysteresis for the soft sensor was calculated to be approximately 2 %.
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6.6.3 Characterization Experiment 3

The primary purpose of this experiment was to quantify shear performance (al-

though compression was also quanti�ed). To this end, the investigation included a

30° incline and a random loading pattern. The loading conditions of the soft sensor

(used as a 
at indenter) had forces from 0 to 23 N unto the high resiliency foam. The

forces' magnitudes and loading patterns generally di�ered from the calibration case

(except for the zero load condition) to better assess soft sensor performance. Multiple

runs were taken (for redundancy) to ensure successful analysis in case of experimental

errors. Only one run was considered in the analysis. The following sections contain

observations based on data visualization, descriptive statistics, and quanti�cation of

errors. Lastly, this set of results ends with a brief discussion.

Data Visualization

The data for this characterization experiment appears as a 5-panel plot, each

labeled A-E seen in�gure 6.6 . The 100-N load cell was the calculated input signal in

both compression and shear (panels A & D), and the soft sensor had two compression

outputs and one shear output (panels B, C & E). The output signals also have a

calculated moving average, which appears as a dotted line across each output signal.

As in the previous two characterization results, the soft sensor's compression equa-

tion 2 output seemed to track the best qualitatively. Compared to the calculated shear

input of the 100-N, the shear output also tracked well. The later sections will better

discuss the quantitative results via descriptive statistics and % FSO. As in previ-

ous cases, the quantization e�ects seem to have carried over through the calibration

equations.

Descriptive Statistics

The data statistics for this �rst set of characterization experiments (30-degree

inclination, soft sensor indenter, and a random force pattern) are summarized using
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Figure 6.6. Five-panel characterization at 30° incline, with a 
at-punch indenter,
and random force pattern input and output plot. The input forces from 100-N cell
appear as calculated compression and shear are denoted in red (A) and dark red (D),
respectively. The outputs from the calibrated soft sensor with compression eq. 1 (B),
compression eq. 2 (C), and shear (E), respectively, with individual measurements
shown with light blue dots. Horizontal dashed lines in each sensor output (B, C, E)
denote calculated moving averages for reference. Vertical gray boxes denote quasi-
static references at times 20 s, 200 s, 500 s, etc.

four tables arranged sequentially by input for easy analysis. The �rst two tables

summarize the input force in Newtons (N) for the 100-N load cell. The second group

of tables summarizes the soft sensor output using the discussed calibration equations.

The data is grouped by Force ID, which signi�es the force pattern programmed into

the loading frame in sequential order. Each force group contains 100 samples, which is

approximately 25 seconds of data, taken at the reference times marked on�gure 6.6

panel (A). Since the sampling rate was not exactly 4 Hertz, the data was truncated

to even groups of 100 samples each.
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Table 6.20. Descriptive statistics for the 100-N load cell based on mean and
standard deviation. Characterization at30-degree inclination using arandom force
pattern. Loading is arranged in sequential order for ease of analysis (P1-P6).

Table 6.21. Descriptive statistics for the 100-N load cell based on median and
range. Characterization at30-degree inclination using a random force pattern.
Loading is arranged in sequential order for ease of analysis (P1-P6).

Observations can be made via both sets of descriptive statistics. This �rst set

of descriptive statistics shows the 100-N load cell output as a very stable reference

signal as seen intables 6.20 and 6.21 . Each load step (P1 - P6) shows mean values

at approximately the intended targets when rounded. The data spread is relatively

small, with standard deviations at or less than 0.05 N. Lastly, ranges are shown for

reference.

The second set of descriptive statistics shows the soft sensor outputs based on

two compression equations and one shear equation seen intables 6.22 and 6.23 .
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Table 6.22. Descriptive statistics for thesoft sensor based on mean and standard
deviation. Characterization at30-degree inclination using a random force pattern.
Loading is arranged in sequential order for ease of analysis (P1-P6).

Although these outputs are not as stable as the reference signal, they are close to

the prescribed force and are later quanti�ed via the % FSO metric. Also, con�rming

what is seen in the data visualization portion,CompZ2 is more stable, demonstrated

by the minimum and maximum values compared to theCompZ1 output.

Quanti�cation of Errors

Table 6.24 shows the magnitude of force values and errors during loading for

both the 100-N load cell and the soft sensor. As mentioned, shear values are assumed

and presented as zero since the 100-N load cell is a uni-axial force sensor. Errors

were quanti�ed for the soft sensor via the %FSO metric, displayed per loading step

(absolute values of %FSO were taken at each loading step) for both compression and

shear. Lastly, the average values are shown based on all six loading conditions.

Discussion

Consistent with the previous characterization experiment, errors are all below the

10 %FSO threshold for all loading steps and, consequently, on average. Compression

values exhibit the most signi�cant % error values individually and on average, with a

maximum of around 3 %FSO at the 18 N condition and approx. 1% on average. The
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Table 6.23. Descriptive statistics for thesoft sensor based on median and range.
Characterization at 30-degree inclination using a random force pattern. Loading
is arranged in sequential order for ease of analysis (P1-P6).

Table 6.24. Quantifying the soft sensor loading errors at a30-degree inclination
with random loading. Loading errors are quanti�ed per loading steps (absolute
values of %FSO were taken at each loading step) and as averages for compression and
shear using % FSO. The values for the 100-N load cell are also shown for reference.

100-N Load Cell 100-N Load Cell S. Sensor S. Sensor FSO FSO
Test ID Calc. Comp. (N) Calc. Shear. (N) Comp. (N) Shear (N) Comp. (%) Shear (%)
30D 0N 0.01 0.00 0.60 0.08 2% 1%
30D 23N 19.92 11.50 19.91 11.71 0% 2%
30D 3N 2.60 1.50 3.11 1.54 2% 0%
30D 18N 15.59 9.00 14.95 8.74 3% 2%
30D 8N 6.93 4.00 6.93 4.36 0% 3%
30D 13N 11.23 6.48 11.17 5.85 0% 5%

Averages: 1% 2%

compression error, on average, is lower than in the previous characterization experi-

ment. As previously discussed, the author theorizes that these errors are correlated

to the quantization of outputs during calibration. Regarding shear, the worst soft

sensor individual % FSO error was around 5 % and an average of around 2 %.
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6.7 Comparison Experiments

6.7.1 Nano 17 vs. Soft Sensor, Flat Indenter at 0 ° incline (Exp.1&8)

This section compares the two sensors (the soft sensor and the commercial alter-

native). The experiment parameters were a 
at indenter, 0° incline, and a maximum

input force of 23 N and 4.15 N for the soft sensor and the commercial alternative,

respectively. Five runs were included, but other runs were taken for redundancy to

ensure good data analysis in case experimental errors were encountered. Only �ve

runs were considered in the analysis. The plateau output forces were then normalized

for statistical comparison, using mmHg for each sensor's area to pressure values.

Data Visualization

The data for the �rst group of comparison experiments appears as two sets of

4-panel plots. The 100-N cell input appears in Panels A and B in�gure 6.7 . The

soft sensor compression output in the �rst set is shown in�gure 6.7 panel C, while

the shear output can be seen in panel D. For the second set, the commercial sensor's

output (NANO 17) is shown in �gure 6.8 panel C & D, respectively. The plots

include �ve runs per panel on both sets, mimicking the RESNA standard [14].
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Figure 6.7. Soft sensor output for comparison, at 0° incline and a max input load
of 23 N. The plateau output forces were then normalized for statistical comparison
using each sensor's area to pressure values using mmHg. Panel A & B show compres-
sion and shear input, respectively. Panel C & D show compression and shear output,
respectively. Vertical 10-second windows in grey on panels denote quasi-static refer-
ences at times 140 s and 340 s. A total of �ve runs are included per panel.
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Figure 6.8. Nano 17 output for comparison, at 0° incline and a max input load 4.15
N. These maximum output forces were then normalized for statistical comparison us-
ing each sensor's area to pressure values using mmHg. Panel A & B show compression
and shear input, respectively. Panel C & D show compression and shear output, re-
spectively. Vertical 10-second windows in grey denote quasi-static references at times
210 s and 560 s. A total of �ve runs are included per panel.
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The soft sensor's compression and shear seem to track well. Using the previously

chosen equation 2, the output signal seemed to plateau at the expected magnitudes

despite the evidence of quantization or layering. In the case of shear, the soft sensor's

output tracks around 0 N, as expected.

The commercial sensors' output tracks well in both compression and shear. Peak

expected magnitudes are realized in compression with shear hovering (as expected)

around 0 N. Small downward peaks are seen in the transition points during o�oading

for shear (e.g., at times 150 s, 300 s, and 450 s), which are assumed to be due to the

commercial sensor not being in contact with the support surface, thus revealing the

pre-load force. These changes are considered to also be present in the compression

graph; however, they appear indistinguishable due to scale.
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Con�dence Intervals Via Bootstrapping (FP, 0 °)

The author used the R software (together with di�erent R-based libraries, such as

the mosaic library) and code adapted and modi�ed from [92] to produce the data visu-

alization and bootstrapped con�dence intervals for compression and shear to quantify

the di�erences between the commercial and soft sensors presented in this work. To

visualize the results, the author presents three visualization tools. First, the author

presents box plots comparing the results of compression and shear�gure 6.9 based on

ten observations (one for each plateau). Then, the author presents the bootstrapped

mean di�erences as histogram plots in�gure 6.10 . Lastly, the author presents the

con�dence interval based on the bootstrapped results intable 6.25 .

For compression, the di�erence of means estimate is 2.1 mmHg, with the soft

sensor seemingly overestimating relative to the commercial sensor. The 95 percentile

con�dence interval had lower and upper bounds (1.7, 2.6). In the case of shear, the

di�erence of means was 0.7 mmHg, with an overestimation in the case of the soft

sensor. The 95 percentile con�dence interval had lower and upper bounds (0.5, 1.0)

for shear. The author believes that clinical interpretation and appropriateness fall to

the clinician, as Giavarina (2015) explained when using comparative methods such as

Bland-Altman plots [94].
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(a) Box Plot for Compression (FP, 0°)

(b) Box Plot for Shear (FP, 0°).

Figure 6.9. Box Plots for 
at punch indenter, at 0° incline of Nano17 vs. Soft Sensor.
(a) The �gure depicts sensor comparisons in compression to visualize di�erences. (b)
The �gure depicts sensor comparisons in shear to visualize di�erences. The symbol
(*) depicts mean values.
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(a) Histogram for Bootstrapped Compression (FP, 0°)

(b) Histogram for Bootstrapped Shear (FP, 0°).

Figure 6.10. Histogram of bootstrapped mean di�erences for 
at punch indenter, at
0° incline of Nano17 vs. Soft Sensor. (a) The �gure depicts a histogram comparison
in compression to visualize di�erences. (b) The �gure depicts a histogram comparison
in shear to visualize di�erences.
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Table 6.25. Bootstrapped 95 Percentile Con�dence Intervals for the di�erence of
means (Nano 17 vs. Soft Sensor) for compression and shear. Results are based on

at punch conditions at 0° inclination.

Type Lower (mmHg) Upper (mmHg) Level Method Estimate (mmHg)

Di�mean Comp 1.7 2.6 0.95 Percentile 2.1
Di�mean Shear 0.5 1.0 0.95 Percentile 0.7
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6.7.2 Nano 17 vs. Soft Sensor, STDI Indenter at 0 ° Incline (Exp.2&7)

This section compares the two sensors (the soft sensor and the commercial alter-

native). The experiment parameters were STDI indenter, 0° incline, and a maximum

input force of 23 N and 4.15 N for the soft sensor and the commercial alternative,

respectively. Five runs were included, but other runs were taken for redundancy to

ensure good data analysis in case experimental errors were encountered. Only �ve

runs were considered in the analysis. The output forces were then normalized for

statistical comparison using each sensor's area to pressure values using mmHg.

Data Visualization

The data for the second group of comparison experiments appears as two sets of

2-panel plots. In the �rst set, the soft sensor compression output in the �rst set is

shown in �gure 6.11 panel A, while the shear output can be seen in panel B. The

commercial sensor's output is in compression, and shear for the second set is shown

in �gure 6.12 . Five runs per panel on both groups, as prescribed by the RESNA

standard [14].
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Figure 6.11. Soft sensor output for comparison, using a Standard Inspired Indenter
(STDI) at 0 ° incline and a max input load 23 N. The output forces were then nor-
malized for statistical comparison using each sensor's area to pressure values using
mmHg. Panel A & B show compression and shear input, respectively. Panel C & D
show compression and shear output, respectively. Vertical 10-second windows in grey
on panels denote quasi-static references at times 140 s and 340 s. A total of �ve runs
are included per panel.
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Figure 6.12. Nano 17 output for comparison, using a Standard Inspired Indenter
(STDI) at 0 ° incline and a max input load of 4.15 N. The output forces were then
normalized for statistical comparison using each sensor's area to pressure values using
mmHg. Panel A & B show compression and shear input, respectively. Panel C &
D show compression and shear output, respectively. Vertical 10-second windows in
grey denote quasi-static references at times 175 s and 440 s. A total of �ve runs are
included per panel.
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Qualitatively, the soft sensor's compression and shear outputs track well. However,

the soft sensor compression output and the 100-N reference have a distinct magnitude

di�erence. It is suspected that this di�erence is due to the curvature e�ects of the

indenter. The indenter curvature is expected to enlarge the interface, thus minimizing

the force read by the sensor. In addition, there is also good evidence of quantization

or layering. In the case of shear, the soft sensor's output tracks around 0 N, as

expected.

The output vs. input magnitude di�erence in compression is also very distinct for

the commercial sensor. This proves the preceding curvature assumption for the soft

sensor case. Shear also tracks around 0 N, as expected.
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Con�dence Intervals Via Bootstrapping (STDI, 0 °)

The author used the R software (together with di�erent R-based libraries, such as

the mosaic library) and code adapted and modi�ed from [92] to produce the data

visualization and bootstrapped con�dence intervals for compression and shear to

quantify the di�erences between the commercial and soft sensors presented in this

work. To visualize the results, the author presents three visualization tools. First,

the author presents box plots comparing the results of compression and shear�gure

6.13 based on ten observations (one for each plateau). Then, the author presents the

bootstrapped mean di�erences as histogram plots in�gure 6.14 . Lastly, the author

presents the con�dence interval based on the bootstrapped results intable 6.26 .

For compression, the di�erence of means estimate is 1.0 mmHg, with the soft

sensor seemingly overestimating relative to the commercial sensor. The 95 percentile

con�dence interval had lower and upper bounds (-0.1, 2.2). In the case of shear, the

di�erence of means was 0.2 mmHg, with an overestimation in the case of the soft

sensor. The 95 percentile con�dence interval had lower and upper bounds ( 0.0, 0.4)

for shear. The author believes that clinical interpretation and appropriateness fall to

the clinician, as Giavarina (2015) explained when using comparative methods such as

Bland-Altman plots [94].
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(a) Box Plot for Compression (STDI, 0°)

(b) Box Plot for Shear (STDI, 0 °).

Figure 6.13. Box Plots for the STDI indenter, at 0° incline of Nano17 vs. Soft Sensor.
(a) The �gure depicts sensor comparisons in compression to visualize di�erences. (b)
The �gure depicts sensor comparisons in shear to visualize di�erences. The symbol
(*) depicts mean values.
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(a) Histogram for Bootstrapped Compression (STDI, 0°)

(b) Histogram for Bootstrapped Shear (STDI, 0°).

Figure 6.14. Histogram of bootstrapped mean di�erences for the SDTI indenter, at
0° incline of Nano17 vs. Soft Sensor. (a) The �gure depicts a histogram comparison
in compression to visualize di�erences. (b) The �gure depicts a histogram comparison
in shear to visualize di�erences.

102



Table 6.26. Bootstrapped 95 Percentile Con�dence Intervals for the di�erence of
means (Nano 17 vs. Soft Sensor) for compression and shear. Results are based on
STDI indenter conditions at 0° inclination.

Type Lower (mmHg) Upper (mmHg) Level Method Estimate (mmHg)

Di�mean Comp -0.1 2.2 0.95 Percentile 1.0
Di�mean Shear 0.0 0.4 0.95 Percentile 0.2
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6.7.3 Nano 17 vs. Soft Sensor, STDI Indenter at 30 ° Incline (Exp.3&6)

This section compares the two sensors (the soft sensor and the commercial alterna-

tive). The experiment parameters were STDI indenter, 30° incline, and a maximum

combined input load of 23 N and 4.15 N for the soft sensor and the commercial

alternative, respectively. Five runs were included, but other runs were taken for re-

dundancy to ensure good data analysis in case experimental errors were encountered.

Only �ve runs were considered in the analysis. The plateau output forces were then

normalized for statistical comparison using each sensor's area to obtain a pressure in

mmHg.

Data Visualization

The data for the third group of comparison experiments appears as two sets of

4-panel plots. In the �rst set, The 100-N load cell was the calculated input signal

in both compression and shear, followed by the soft sensor's compression and shear

output. For the second set, the 100-N load cell input signals are followed by the

commercial sensor's output in compression and shear. Five runs per panel on both

groups, as prescribed by the RESNA standard [14].
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Figure 6.15. Soft sensor output for comparison, using a Standard Inspired Indenter
(STDI) at 30° incline and a max combined input load of 23 N. The output forces were
then normalized for statistical comparison using each sensor's area to pressure values
using mmHg. Panel A & B show compression and shear input, respectively. Panel
C & D show compression and shear output, respectively. Vertical 10-second windows
in grey on panels denote quasi-static references at times 140 s and 340 s. A total of
�ve runs are included per panel.
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Figure 6.16. Nano 17 output for comparison, using a Standard Inspired Indenter
(STDI) at 30° incline and a max combined input load of 4.15 N. The output forces
were then normalized for statistical comparison using each sensor's area to pressure
values using mmHg. Panel A & B show compression and shear input, respectively.
Panel C & D show compression and shear output, respectively. Vertical 10-second
windows in grey denote quasi-static references at times 180 s and 440 s. A total of
�ve runs are included per panel.
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Qualitatively, the soft sensor's compression and shear outputs track well. However,

as in the 0° incline with the STDI case, the soft sensor compression output and the

100-N reference have a distinct magnitude di�erence. Also, the di�erence is seen

in the shear output in this case. Again, it is suspected that this di�erence is due

to the curvature e�ects of the indenter. In addition, there is also good evidence of

quantization or layering.

The output vs. input magnitude di�erences in compression and shear are also very

distinct for the commercial sensor. This is consistent with the curvature assumption.
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Con�dence Intervals Via Bootstrapping (STDI, 30 °)

The author used the R software (together with di�erent R-based libraries, such as

the mosaic library) and code adapted and modi�ed from [92] to produce the data

visualization and bootstrapped con�dence intervals for compression and shear to

quantify the di�erences between the commercial and soft sensors presented in this

work. To visualize the results, the author presents three visualization tools. First,

the author presents box plots comparing the results of compression and shear�gure

6.17 based on ten observations (one for each plateau). Then, the author presents the

bootstrapped mean di�erences as histogram plots in�gure 6.18 . Lastly, the author

presents the con�dence interval based on the bootstrapped results intable 6.27 .

For compression, the di�erence of means estimate is 10.4 mmHg, with the soft

sensor seemingly overestimating relative to the commercial sensor. The 95 percentile

con�dence interval had lower and upper bounds (9.5, 11.2). In the case of shear, the

di�erence of means was 0.0 mmHg, with an overestimation in the case of the soft

sensor. The 95 percentile con�dence interval had lower and upper bounds (-0.3, 0.2)

for shear. The author believes that clinical interpretation and appropriateness fall to

the clinician, as Giavarina (2015) explained when using comparative methods such as

Bland-Altman plots [94].
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(a) Box Plot for Compression (STDI, 30°)

(b) Box Plot for Shear (STDI, 30°).

Figure 6.17. Box Plots for the STDI indenter, at 30° incline of Nano17 vs. Soft
Sensor. (a) The �gure depicts sensor comparisons in compression to visualize di�er-
ences. (b) The �gure depicts sensor comparisons in shear to visualize di�erences. The
symbol (*) depicts mean values.
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(a) Histogram for Bootstrapped Compression (STDI, 30°)

(b) Histogram for Bootstrapped Shear (STDI, 30°).

Figure 6.18. Histogram of bootstrapped mean di�erences for the SDTI indenter, at
30° incline of Nano17 vs. Soft Sensor. (a) The �gure depicts a histogram comparison
in compression to visualize di�erences. (b) The �gure depicts a histogram comparison
in shear to visualize di�erences.

110



Table 6.27. Bootstrapped 95 Percentile Con�dence Intervals for the di�erence of
means (Nano 17 vs. Soft Sensor) for compression and shear. Results are based on
STDI indenter conditions at 30° inclination.

Type Lower (mmHg) Upper (mmHg) Level Method Estimate (mmHg)

Di�mean Comp 9.5 11.2 0.95 Percentile 10.4
Di�mean Shear -0.3 0.2 0.95 Percentile 0.0
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6.7.4 Nano 17 vs. Soft Sensor, Flat Indenter at 30 ° Incline (Exp.4&5)

This section compares the two sensors (the soft sensor and the commercial al-

ternative). The experiment parameters were 
at punch indenter, 30° incline, and

a maximum combined input force of 23 N and 4.15 N for the soft sensor and the

commercial alternative, respectively. Five runs were included, but other runs were

taken for redundancy to ensure good data analysis in case experimental errors were

encountered. Only �ve runs were considered in the analysis. The output forces were

then normalized for statistical comparison using each sensor's area to pressure values

using mmHg.

Data Visualization

The data for the fourth group of comparison experiments appears as two sets of

4-panel plots. In the �rst set, The 100-N load cell was the calculated input signal

in both compression and shear, followed by the soft sensor's compression and shear

output. For the second set, the 100-N load cell input signals are followed by the

commercial sensor's output in compression and shear. Five runs per panel on both

groups, as prescribed by the RESNA standard [14].

Qualitatively, the soft sensor's compression and shear outputs track the best from

all comparisons. Both magnitude and pattern tracking are close to perfect. In addi-

tion, there is also little evidence of quantization or layering.
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Figure 6.19. Soft sensor output for comparison, using a 
at punch indenter at
30° incline and a max combined input load of 23 N. The output forces were then
normalized for statistical comparison using each sensor's area to pressure values using
mmHg. Panel A & B show compression and shear input, respectively. Panel C & D
show compression and shear output, respectively. Vertical 10-second windows in grey
on panels denote quasi-static references at times 140 s and 340 s. A total of �ve runs
are included per panel.
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Figure 6.20. Nano 17 output for comparison, using a 
at punch indenter at 30°
incline and a max combined input load of 4.15 N. The output forces were then nor-
malized for statistical comparison using each sensor's area to pressure values using
mmHg. Panel A & B show compression and shear input, respectively. Panel C &
D show compression and shear output, respectively. Vertical 10-second windows in
grey denote quasi-static references at times 205 s and 550 s. A total of �ve runs are
included per panel.
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Con�dence Intervals Via Bootstrapping (FP, 30 °)

The author used the R software (together with di�erent R-based libraries, such as

the mosaic library) and code adapted and modi�ed from [92] to produce the data

visualization and bootstrapped con�dence intervals for compression and shear to

quantify the di�erences between the commercial and soft sensors presented in this

work. To visualize the results, the author presents three visualization tools. First,

the author presents box plots comparing the results of compression and shear�gure

6.21 based on ten observations (one for each plateau). Then, the author presents the

bootstrapped mean di�erences as histogram plots in�gure 6.22 . Lastly, the author

presents the con�dence interval based on the bootstrapped results intable 6.28 .

For compression, the di�erence of means estimate is -1.9 mmHg, with the soft

sensor seemingly overestimating relative to the commercial sensor. The 95 percentile

con�dence interval had lower and upper bounds (-2.8, -1.2). In the case of shear, the

di�erence of means was 6.2 mmHg, with an overestimation in the case of the soft

sensor. The 95 percentile con�dence interval had lower and upper bounds (5.4, 6.9)

for shear. The author believes that clinical interpretation and appropriateness fall to

the clinician, as Giavarina (2015) explained when using comparative methods such as

Bland-Altman plots [94].
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(a) Box Plot for Compression (FP, 30°)

(b) Box Plot for Shear (FP, 30°).

Figure 6.21. Box Plots for the FP indenter, at 30° incline of Nano17 vs. Soft Sensor.
(a) The �gure depicts sensor comparisons in compression to visualize di�erences. (b)
The �gure depicts sensor comparisons in shear to visualize di�erences. The symbol
(*) depicts mean values.
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(a) Histogram for Bootstrapped Compression (FP, 30°)

(b) Histogram for Bootstrapped Shear (FP, 30°).

Figure 6.22. Histogram of bootstrapped mean di�erences for the FP indenter, at
30° incline of Nano17 vs. Soft Sensor. (a) The �gure depicts a histogram comparison
in compression to visualize di�erences. (b) The �gure depicts a histogram comparison
in shear to visualize di�erences.
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Table 6.28. Bootstrapped 95 Percentile Con�dence Intervals for the di�erence of
means (Nano 17 vs. Soft Sensor) for compression and shear. Results are based on
FP indenter conditions at 30° inclination.

Type Lower (mmHg) Upper (mmHg) Level Method Estimate (mmHg)

Di�mean Comp -2.8 -1.2 0.95 Percentile -1.9
Di�mean Shear 5.4 6.9 0.95 Percentile 6.2
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6.8 Contact Mechanics Approximations

6.8.1 Scope

This section describes the results for two approximations based on analytical equa-

tions from contact mechanics. More speci�cally, it approximates a rigid 
at punch

and a rigid semi-spherical indenter in contact with a compliant surface. To this end,

an approximation of the elastic modulus of the compliant surface (the high-resiliency

foam) is shown in a previous step. Then, the results for the approximations are shown

along with relative errors to quantify their e�ectiveness.

6.8.2 Elastic Modulus Approximation

The material information critical for the contact approximations was unavailable

to the author. Neither the modulus of elasticity nor the Poisson's ratio was available

through the seller of the foam. The author did some trial error analysis to estimate

E (Young's modulus) of soft foams but found the moduli to be of higher sti�ness

(orders of magnitude higher) in reports such as [95] for displacement analysis, which

is similar to what McKee warns on [25]. As a check, the author solved for E* to

get a sense of the magnitude of the E parameter using equations similar to equation

3.4. For the modulus of elasticity, a review by [25] o�ered techniques to obtain the

modulus for biological materials (with at least one hydrogel example), which used

indenters similar to the ones used in this dissertation. Thus, this dissertation used

similar analysis methods to obtain the elastic modulus of the high-resiliency foam

based on indentations via a 
at punch. Although it is unclear if McKee (2011) uses

the average of E value across the indentation range [25], the author of this dissertation

found that the average of all the E values in�gure 6.23 (panel B) worked best at

reducing the error. For Poisson's ratio of the foam in this work, the value of� � 0.3

was used, as seen in [96], where the authors list polyurethane foam around that value.

Although not exact, it was deemed a good enough approximation for this work.
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Figure 6.23. (A) Shows experimental down curve from the indentation experiment.
(B) Shows approximation of modulus E at every indentation� , with average value de-
noted by the grey dashed line. (C) The theoretical force (in black) was estimated using
the approximated average modulus from Fig. (B), superimposed on the experimental
indentation down the curve. Qualitatively, this �gure also shows the worst-case linear
approximation after around 50 mm (denoted by the vertical gray line). This is an
approach based on [25]; however, it is unclear if McKee (2011) uses the average of E
value across the indentation range or a hydro-gel known value for analysis [25].
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6.8.3 Experimental Displacement for the Flat Punch Condition

The experimental displacement� was taken from the comparison experiments for

the 
at punch at 0 ° inclination in compression. An average of the all the peak values

was calculated to obtain the� parameter included in the contact mechanics equation

to calculate the average pressurep0. The total number of samples included in the

average was approximately 422.Figure 6.24 shows the experimental data for the

average displacement.

Figure 6.24. Data for the FP at 0° inclination instrumented with the NANO17.
(A) Shows experimental force for the load frame. (B) Shows displacement data for
the load frame. Data collected for 10 plateaus at the times highlighted in gray was
average. The total number of samples included in the average was approximately 422
samples.

6.8.4 Average Pressure Calculation at the Flat Punch Foam Interface

Finally, after all the parameters were gathered, the average pressure calculation at

the 
at punch foam interface was possible.Table 6.29 includes important parameters

for calculating p0 and a relative error metric for comparison to the experimental value.
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Table 6.29. Calculated p0. Includes important parameters for calculatingp0 and
the experimental values previously obtained in the comparison experiments. Lastly, it
includes relative error based on the theoretical vs. the experimental interface pressure
di�erence.

E est. � E* � a � Exp. p0 Calc. p0 Exp. Rel. Error
(Pa) (unitless) (Pa) (unitless) (mm) (mm) (mmHg) (mmHg) (%)

32499 0.3 35713 3.14 8.5 7 140.4 135.4 4%

6.8.5 Displacement Estimation Using a Hemispherical Indenter

This section discusses the displacement estimation using a hemispherical indenter.

This estimation is based on three main parameters as in [73], namely input loadP,

the diameter of the indenterD, and the e�ective modulusE � , which was calculated

using the estimated modulusE from the \Elastic Modulus Approximation" section

of this work. What follows is the process for obtaining such parameters and the error

estimation of displacement based on the experimental result from the same conditions

(STDI, 0°) from the Nano17 sensor.

Data Visualization for Experimental Displacement using the STDI

The input load parameterP was taken from the comparison experiments for the

STDI at 0° inclination in compression. An average of all the peak values was calcu-

lated to obtain the P parameter. The experimental displacement� was taken from

the comparison experiments for the STDI at 0° inclination in compression. An aver-

age of all the peak values was calculated to obtain the� parameter, the comparison

metric in the relative error calculations. The total number of samples included in the

average was approximately 413 for theP and the � parameters.Figure 6.25 shows

the experimental data for the average displacement.
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Figure 6.25. Data for the STDI at 0° inclination instrumented with the NANO17.
(A) Shows experimental force for the load frame. (B) Shows displacement data for
the load frame. Data collected for 10 plateaus at the times highlighted in gray was
average. The total number of samples included in the average was approximately 413
samples.
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Maximum Displacement Calculation at the STDI-Foam Interface

Lastly, the displacement calculation at the STDI-foam (with the Nano17 within

the STDI indenter) interface was possible after all the parameters were gathered.

Table 6.30 includes important parameters for calculating� and a relative error metric

for comparison to the experimental value. This model performs poorly, as seen in the

resultant 63 % error in table 6.30 . Lastly, it is worth mentioning that the author

performed a check and similar analysis using the soft sensor within the hemispherical

indenter, with the approximation also poor at around 90% error. However, it is

unclear if the soft sensor within the hemispherical approximation is an appropriate

check, as the indenter with the soft sensor resembles more of a \truncated paraboloid"

[22] and not a hemispherical indenter. This is mainly due to the di�erence in diameters

between the soft sensor and the Nano17; if so, the truncated shape is subject to a

di�erent set of equations as highlighted by [22]. Also, the indenter with the soft

sensor has a soft interface (the face of the soft sensor), which may violate the rigid

indenter assumption. This contrasts the indenter with the Nano17, which provides

an indenter-sensor combination more suitable for the rigid indenter assumption.

Table 6.30. Maximum displacement � for the STDI condition at 0° incline with
Nano17 embedded within the spherical indenter.

P exp. D E* � Calc. � Exp. Rel. Error
(N) (mm) (Pa) (mm) (mm) (%)
4.2 220 35713 4 2.5 63%
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Figure 6.26. Shows panel C within�gure 6.23 , in greater detail. This �gure shows
the linear model discrepancies, with the region of interest approximately below the
10 mm indentation. This discrepancy could explain, in part, the poor performance
of the approximation.
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CHAPTER 7

CONCLUSION

7.1 Scope

This chapter discusses the answers to the proposed research questions, contribu-

tions, limitations, and future works associated with this dissertation. The contribu-

tions section will highlight this work's main takeaways, insights, and novel aspects

that could be used in subsequent investigations. The limitations section highlights

possible sources of errors, variability, and shortcomings that may contribute to lim-

iting the generalization of the �ndings. Lastly, the future works section discusses

possible improvements to the current work and research questions that will further

the understating of the recent research while addressing the previously identi�ed lim-

itations.

7.2 Revisiting the Research Questions

In the introduction of this work, two research questions were proposed. Specif-

ically, question 1 asked, Do the soft sensor and the commercial alternative di�er in

mean readings for compression and shear? and question 2 asked, Can interface surface

displacement, pressure, and pressure drops be predicted analytically with applications

in PI research?

Regarding question 1, the author believes that the di�erences are close enough

(for these very speci�c experimental cases) to propose that the soft sensor be used as

a cheaper alternative to the commercial sensor. Also, as previously mentioned, the
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clinical interpretation and appropriateness fall to the clinician, as Giavarina (2015)

explained when using comparative methods such as Bland-Altman plots [94].

Regarding question 2, the data demonstrates that an analytical approach can be

used to predict interface pressures for the 
at punch case. This is with the caveat

that the user deems a 4 % relative error to be an acceptable result. However, this

is not the case for the STDI or hemispherical indenter. A relative error above 60%

is deemed too large for a proper prediction. The author believes such a large STDI

error could be due to the E approximation since E was only approximated using a


at punch case.

7.3 Contributions

This work introduced new approaches in the calibration domain, proved success-

ful characterization of the soft sensor, and could be deemed \comparable" to the

commercial alternative in both compression and shear. This work demonstrates that

the soft sensor can be calibrated using soft surfaces. In characterization, average

values validated that the soft sensor could be around or below the 10% FSO thresh-

old. Lastly, compared to the commercial alternative, the soft sensor could replace the

commercial option for the speci�c experimental scenarios explored in this work, with

the worst-case mean di�erences at around 11 mmHg. Also, an analytical solution on

the 
at punch case might bene�t users in quick calculations.

7.4 Limitations

The soft sensor has limitations in calibration on environmental conditions and

support surfaces. The soft sensor is still suspected to be susceptible to changes in

temperature, as seen by obtaining post hoc data in which the soft sensor seems to

overestimate without a load. In the support surface domain, the soft sensor was

only calibrated, characterized, and compared using only the support surface; this
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undoubtedly will limit the generalization of the soft sensor performance. In addition,

shear values were calibrated, characterized, and compared using only one inclination

angle (at 30°); thus, shear value performance should not generalized to other angles.

In manufacturing, silicone foams need to be better understood as \foam massaging"

might be needed after demolding and post-curing. Regarding the contact mechanics

solutions, getting the correct approximations for Poisson's ratio� and E might prove

bene�cial. Also, approximations could be susceptible to frame rate and pre-loading

force, and the conducted exploratory test lacks rigor in these and other aspects.

7.5 Future Works

Future work is recommended to address the limitations of the soft sensor and

the quantization problems. To address the environmental concerns, the soft sensor

should be calibrated, characterized, and compared in a temperature-controlled room.

In addition, temperature correction experiments should be performed to eliminate

the possibility of errors due to the soft sensor shell's expansion and contraction in

di�erent environments. Also, experimentally, at least one of the plateau results seems

to be subject to stress relaxation; however, it is unknown to the author whether this

is an expected occurrence due to the foam relaxing, the frame control rate, or an

artifact from the experimental set-up (such as a loose or unstable frame). In this case,

future works should try to address frame construction. Concerning support surfaces,

the current soft sensor calibration could be characterized and compared using other

soft surfaces to assess discrepancies in performance due to the support surface. In

addition, the soft sensor could be calibrated using other surfaces to assess performance

and generalization. In terms of shear measurements, the current calibration of the soft

sensor could be characterized and compared at other angles to address the sensor's

shear performance at angles di�erent from the one used in calibration. The soft sensor

could also be calibrated using additional angles to add to the calibration data set.
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Lastly, to address the quantization problems, the soft sensor calibration equations

could be reworked using a larger data set (beyond the time windows) to see if there

are improvements in the tightness of the data. Beyond the calibration equations, a

di�erent combination of magnets and shell shore hardness could be used to lower the

quantization seen in the initial calibration.
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