
ABSTRACT 

AGCAYAZI, TALHA. Sensor Interfaces for Lower-Limb Prosthetic Limbs. (Under the direction 

of Dr. Alper Bozkurt). 

 

The best rehabilitation process for millions of amputees around the world requires a well-

fitting and comfortable prosthetic limb. Even with modern imaging and fabrication techniques, 

amputees still experience discomfort due to poor socket fit; thus, abandonment rates of prosthetics 

is increasing. This outcome is indicative of problems in the prosthetic limb design cycle that need 

to be addressed. The major issue with the design cycle of a prosthetic limb is its subjective and 

repetitive nature. The two subjective sources of information that are used in the design of a 

prosthetic limb are the hand palpations of the doctor when evaluating the socket design and the 

feedback from the amputee. Due to this, there are major differences in the final socket quality 

depending on the doctor’s experience or the pain threshold of the amputee on the day they went in 

for socket fitting. The process is also expensive because it must be repeated regularly to 

accommodate changes in limb volume. A poor fitting socket generally leads to discomfort and 

health conditions such as gait instability, pressure ulcers and skin breakdown. As a result, many 

amputees abandon their prosthetic limb and forego the rehabilitation process. The main parameters 

that define comfort for amputees are interfacial stresses, air-gaps from pistoning, humidity, 

wetness and limb volume change. Monitoring these parameters can yield valuable quantified 

information which can be used by prosthetists when designing the prosthetic limb, doctors when 

evaluating the residual limb health, and by amputees themselves when tracking their socket fit in 

real time.  

In this dissertation, we present our efforts at making multi-modal sensors to measure limb-

prosthetic interface quality. The projects presented here are unique in that they are designed to be 

seamlessly integrated into the existing layers of the limb-prosthetic interface. In the first project, 



we investigated functionalizing the polymeric liner layer, in the second we investigated the use of 

noncontact capacitive sensing to impart sensing without modifying the interface, and in the third 

project, we investigated the integration of sensing by functionalizing the textile layers in the 

interface. Although we investigated measuring many parameters for sensing such as interfacial 

stresses, air-gaps from pistoning, humidity and wetness, we mainly focused on characterizing and 

implementing a system to sense interfacial stresses. We tested and validated all sensors on a custom 

multi-axis stress testing system, which is also explained in this work. The most technologically 

feasible sensing idea was improved and tested in an amputee study.  
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CHAPTER 1: Introduction 

Estimated by the World Health Organization, there are about 40 million amputees around 

the world [1]. In the U.S. the number of people living with an amputated limb is about 2 million 

[2] and is projected to double in the next 30 years [3]. Living as an amputee is difficult. Adapting 

to their new life without a limb takes considerable physical and psychological energy. The goal of 

prosthetics is to ease the transition by providing an artificial limb so that amputees can continue 

their daily lives. A prosthetic limb is made up of two major components: the limb-prosthetic 

interface layer, often called the socket, and the rest of the mechanical prosthesis. While the 

mechanical components could be premade and adjusted, the socket is always uniquely made for 

each amputee to balance comfort and mobility during use [4].   

 

Figure 1.1: The socket design and fabrication cycle for prosthetics. The subjective and expensive process 

is the source of discomfort for millions of amputees. Description of the subjective and highly experimental 

pieces are given in blue. Argument for the expensive and repeating procedure given in orange. 

Designing a new socket requires a clinical analysis of the residual limb to find the size and 

location of pressure tolerant and pressure sensitive areas [5]. Once these areas are identified, the 

prosthetist designs a test socket that applies more pressure to the tolerant and less pressure to the 
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sensitive regions of the residual limb. Then the prosthetist evaluates this socket and makes changes 

based on feedback from the amputee for the final socket design, see Figure 1.1. There are two 

subjective sources of information that are problematic in this process. The first one is the data 

obtained by the doctor, who uses his/her hands during the palpation examination to locate the 

pressure tolerant/sensitive areas. The second is the amputee feedback, which is used to make the 

final socket. The subjective nature of this process often yields major differences in the final socket 

quality depending on the doctor’s experience or the pain threshold of the amputee on the day they 

went in for socket fitting. Even though new technologies such as Infrared surface imaging [6], 

ultrasound imaging [7], magnetic imaging [8] and mechanical impedance analysis [9] have been 

proposed for quantifying the residual limb analysis, most prosthetists still rely on clinical analysis 

and feedback from the user during socket design due to the unreliability and expense of these new 

technologies. The subjective socket design process is a source of poor socket fit and discomfort 

for many amputees.  

On top of the two subjective metrics mentioned, the dynamic nature of the residual limb 

creates yet another problem and source of discomfort for amputees. The volume of a residual limb 

constantly changes because of shifts in the bones, weight loss or even dehydration of the amputee 

throughout the day. Therefore, amputees have to constantly think of adding spacers in the socket 

interface and get a redesigned socket at least once a year which dramatically increase the cost [10], 

[11]. During this process, some amputees observe pistoning (movement of the residual limb within 

the socket), gait instability, soft tissue damage, skin breakdown, painful sores and/or pressure 

ulcers due to poor socket fit [12]. When these problems arise, the amputee needs to stop using the 

prosthetic limb until the wounds heal, which unfortunately leads to misuse/mistrust of prosthetics. 
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The most dangerous outcome of a poor socket fit is the loss of hope in the rehabilitation process 

and high abandonment rate of prosthetics, which is currently above 50% [11].  

 

Figure 1.2: Medical conditions that result from a poor socket fit. Sensing the parameters that define poor 

socket fit can be used to detect poor socket fit and prevent medical complications.  

The parameters that define the quality of a socket fit are defined as the interfacial stresses 

(compressive and shear), air-gaps from pistoning, humidity, sweat, temperature and limb volume 

change [11]. Monitoring these parameters can prevent poor socket fit and increase the quality of 

life for amputees, Figure 1.2. Using these objective measurements, prosthetists can enhance their 

socket design and evaluation process [13], amputees can constantly track their use and socket fit, 

and doctors can analyze the usage data to evaluate the limb health. Tracking the limb-prosthetic 

interface quality is especially important for ~54% of amputees who lost their limbs to vascular 

diseases [11]. These vascular diseases reduce the touch sensing function of the skin, therefore 

making the amputee more vulnerable to unintended injuries resulting from a poor fitting socket. 

Monitoring the parameters for socket discomfort is also important for the development of dynamic 

sockets that can dynamically adjust to limb volume changes for better fit [14]. In this dissertation, 
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we focused on designing sensors to measure interfacial stress, air-gaps, humidity and wetness. 

Stress sensing was a big focus for this dissertation since we believe it provides the most important 

information in the limb-prosthetic interface. 

Any technology that is built for the limb-prosthetic interface needs to consider the design 

needs of the tight and dynamic interface. The limb-prosthetic interface includes the residual limb, 

optional liner-liner (textile), liner (silicone), optional spacer socks (textile) and finally the rigid 

socket, Figure 1.3. Aside from helping us understand the mechanics, these layers also give us an 

ingredient list for materials we can use in new limb-prosthetic sensors for easier integration. A 

potential sensor needs to be highly compliant, seamless or built into the interface, spatially 

scalable, easy to integrate, low-power and technologically feasible.  

 

Figure 1.3: The prosthetic interface layers.   

The current commercial and academic research space for interface sensing can be divided 

into three categories: (1) interface stress sensors that are made for other applications but can be 

integrated in prosthetics, (2) sensors that are built externally and used inside the limb-prosthetic 
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interface (3) sensors that can be integrated into existing layers of the limb-prosthetic interface, 

Figure 1.4. The first category of sensors are spatially scalable to map pressure distributions and 

they use materials such as silicone polymers and textiles which allow them to be integrated into 

the limb-prosthetic interface layers [15]–[20]. The disadvantages of these sensors are that they are 

generally hard to fabricate, requiring many fabrication steps, and difficult to integrate into the 

limb-prosthetic interface layers.  The second category of sensors generally provide a more stable 

sensor response since they are built and tested externally. This category includes commercial 

systems such as the Tekscan F-Socket [21], Novel Pliance [22] and PPS TactArray [23] and 

academic systems as noted in [24]–[26]. These sensors are mostly reliable but since they are 

external layers that are added to the limb-prosthetic interface, they always change the mechanics 

and create an encumbrance layer. Because of this alteration, the validity of the data from these 

sensors are often questioned [27]. Most of the commercial systems are film-based sensors which 

often wrinkle in the highly dynamic nature of the limb-prosthetic interface. Aside from altering 

the interface, the sensors in the second category are generally not scalable, difficult to fabricate 

and hard to integrate into the interface. The third category of sensors are built into the existing 

layers, therefore they do not create an added encumbrance in the interface [27]–[30]. These sensors 

are also designed using easy to fabricate methods. The disadvantages for these sensors are that 

they are not easily scalable to map the pressure distribution in the interface and they are difficult 

to integrate into the existing layers since the integration requires very invasive and technologically 

infeasible methods.  
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Figure 1.4: State of art sensors for prosthetic limbs. Category 1 sensors are shown on the top left, Category 

2 are shown on the top right, Category 3 on the bottom left and the sensors described in this work are shown 

on the bottom right.   

This dissertation investigates three sensor types which are different from the prior literature 

in that they are designed to functionalize the existing layers. These sensors are scalable, easy to 

integrate and do not create additional encumbrance. During the design process for these sensors, 

we considered the design constraints of the limb-prosthetic interface and followed a collaborative 

design process involving material scientists, biomechanics engineers, prosthetists and doctors. 

This collaboration was essential to the development of the sensors presented.  

The following sections describe the main objectives and achievements of this dissertation.  

1.1 Objectives 

Here we list down the objectives that we aimed to achieve in this dissertation. They include 

the development of the three sensing methods (1-3), the development of the test setup to evaluate 

and characterize the sensors (4) and the evaluation of the most promising sensor in a limb-

prosthetic study (5).  
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1. The development of a printed liner integrated compression and shear stress sensor array 

that has an optimized geometry and is fabricated using a compliant conductive doped 

silicone. 

Achievement: The development of a compressive and shear stress sensor for seamless integration 

to the limb-prosthetic interface. Our sensor is printed directly onto the existing liner layer of the 

socket interface thus functionalizing this layer for compressive and shear stress sensing. The main 

contributions of our system are: 

• Compressive and shear stress sensing  

• Ease of integration into the limb-prosthetic interface by functionalizing an existing layer 

• Spatially scalable array-based sensing  

• Low power to allow continuous measurements  

• As compliant and stretchable as the liner material for long lifetime 

• Cheap and easy to fabricate using roll-to-roll techniques 

2. The development of a noncontact compression stress and air-gap sensor for socket pressure 

and pistoning sensing using electric field techniques. 

Achievement: The development of a noncontact capacitive method to sense both contact pressures 

as well as air-gaps in limb-prosthetic interfaces. This is enabled by adding the skin as an active 

electrode to the capacitive sensor model therefore the method does not require any alterations in 

the limb-prosthetic interface. The main contributions of this sensing method are: 

• Compressive stress and air-gap sensing  

• Ease of integration into the limb-prosthetic interface by using the existing layers to 

enable sensing 

• Tunable and compliant textile/elastomer composite dielectric 

• Demonstration of the sensor in a shoe insole  

• Low-power to allow continuous measurements  
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3. The development and evaluation of dielectric fabric and conductive thread materials to 

optimize the sensor performance of a multi-modal compressive stress, wetness and 

humidity sensor that can be integrated in the textile spacer socks using stitching. 

Achievement: The development of textile compression, wetness and humidity sensing through 

machine sewing methods. We present the characterization of different sensor modalities using 

different textile fabric and conductive thread materials. Compression, humidity, and wetness 

sensing performance are easily tunable using different combinations of the conductive and 

dielectric textile materials. Finally, proof of concept deployment demonstrations as human-

machine interfaces within a pressure sensing mat and a smart glove capable of remotely controlling 

a drone are provided. 

• Ease of integration into the limb-prosthetic interface 

• Array-based sensing for spatial mapping of both force and wetness 

• Flexible 

• Cheap and easy to fabricate using textile manufacturing techniques 

4. The development of the multi-axis stress sensor characterization and evaluation test 

platform to characterize the sensors proposed in this dissertation. 

Achievement: A three-axis test setup was developed to apply controlled compressive and shear 

stresses onto the sensors developed. The test setup was made using a three-axis translational stage, 

a three-axis force/torque sensor and an LCR meter. We programmed a GUI to enable extended 

cyclic testing and synchronized data collection using the force sensor and the LCR meter. We 

provide detailed construction and operation instructions, as well as results of extensive static and 

cyclic load experiments. 

5. The in-vivo testing of the textile seamline sensing method involving an amputee subject. 

Achievement: The textile sensors were used for the amputee experiments because their multi-

modal sensing response to compression, humidity and wetness using different materials were well 
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studied. Also, building a portable data collection system with reliable connections to sensors was 

more feasible with the textile seamline method than the other sensing ideas. During 

instrumentation and preliminary testing, we solved systems challenges such as interconnects to the 

sensor, electric field shielding of the sensor and parallelizing the data collection to increase 

sampling rate. We made a three-part experimental test protocol to test the sensors and the data 

collection system in an artificial limb, able-bodied and finally a real amputee limb-prosthetic 

environment.   

The main features of the final sensor system are given below: 

• Four sensor arrays made with Kraton material 

• Novel textile interconnect to reduce encumbrance and increase flexibility 

• Novel thread to PCB connections using vias and Z-axis tape 

• Analog to Digital Converter (ADC) PCB digitizes the vulnerable sensor values before 

transmission 

• Active shielding all around the sensor array and interconnect diminishes electric field noise 

• Up to four sensor arrays can be connected to the system for pressure measurements in 

different anatomical locations  

• Sensor arrays can be connected on any connection on the data collection PCB to ease 

usability 

• Sensor array parallelizing for faster sampling rate 

• Low-power enabling 12 hours of data collection with a small battery 

• USB and Bluetooth transmission 

• Micro-SD card storing option 

• Real-time data visualization for rapid sensor validation 

• Augmentation of custom calibration test setup to enable fast data collection for analysis 

 

1.2 Dissertation Outline 

Chapter 2 describes the test setup developed for testing the sensor ideas in this dissertation. 

It goes into detail about the design, construction and validation of the test setup. Chapters 3-5 

describe the three sensing ideas proposed for limb-prosthetic interface quality sensing. Chapter 3 

describes the compressive and shear stress sensor that is made by functionalizing the liner layer 
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through stencil printing conductive silicone materials. Chapter 4 explains the compressive stress 

and air-gap sensor method which works using electric field techniques without altering the limb-

prosthetic interface. Chapter 5 describes the compression stress, humidity and wetness sensor 

made through traditional sewing techniques with all textile materials to be integrated in the existing 

textile layers of the limb-prosthetic interface. After careful analysis of each technique, we decided 

to expand the sensing technique introduced in Chapter 5 and make a data collection system for it 

to be used for amputee testing. Chapter 6 explains this system design and the in-vitro and in-vivo 

experimental process in detail. Finally, Chapter 7 concludes this work and provides a discussion 

for future work in the area of limb-prosthetic interface quality sensing.    
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CHAPTER 2: Multi-axis Stress Sensor Characterization and Testing Platform 

T. Agcayazi, M. Foster, H. Kausche, M. Gordon and A. Bozkurt, Multi-axis Stress Sensor 

Characterization and Testing Platform. HardwareX, Volume 5, 2019. ISSN 2468-0672 

2.1 Introduction 

Mechanical stress sensors dominate many parts of our modern day lives from weighing 

scales to push-button interfaces. The variety of sensing methods available for stress sensing such 

as piezoresisitive, optical, capacitive and piezoelectric expand the application areas. While most 

stress sensors today are rigid, with technological improvements in compliant materials, stress 

sensors are making their way into popular engineering fields like e-skin sensors [31], prosthetic 

sensors [32] and soft robotics [33]. Stress sensors embedded in e-skin devices can now mimic 

human tactile senses and monitor biometric signals, such as pulse and heart rate [31]. In 

prosthetics, stress sensors integrated in the limb-prosthesis interface can sense uneven pressure 

distributions [32] and placement of sensors on the limb can assist in recovering the sense of touch 

[34]. In soft robotics, these sensors can be mounted on lightweight robots to enable safety in 

collaborative environments with humans [33].  

 

Figure 2.1: Multi-axis stress sensor characterization and testing platform presented in this paper. 



   

12 

 

Earlier stress sensors were only capable of measuring stresses in the perpendicular (normal) 

direction — a limitation that excluded stresses in the tangential (shear) direction. More recent 

stress sensors have been designed to sense stresses in both shear and normal directions 

simultaneously [15], [17], [35]–[39], expanding the application range.  

As with any sensor, stress sensor design also requires careful characterization and 

calibration to convert raw transducer readings, mostly in voltages, into metric or imperial units of 

mechanical stress. To do this accurately, a pre-calibrated stress sensor is used in parallel while 

controlled forces are applied on the stress sensor being characterized. For a normal stress sensor, 

the pre-calibrated sensor needs to be mounted on a single axis translational stage where controlled 

forces are applied in the normal direction. For a multi-axis stress sensor, a pre-calibrated three 

dimensional stress sensor needs to be placed on a multi-axis translational stage to apply controlled 

forces in both shear and normal directions.  

Commercial systems that can apply controlled multi-axis forces are very expensive. For 

example, a multi-axis translational stage from MTS Systems Corporation or Instron (E3000 with 

the motorized XY stage) costs more than $150,000. Because of this cost, stress sensor researchers 

prefer building their own characterization platforms at the expense of valuable research time [15], 

[17], [35]–[39]. Moreover, since the resulting publications focus more on the stress sensor, much 

of the intellectual property about the characterization platform is lost. There is a need for a common 

experimental characterization platform to benchmark different results coming from various 

research groups and to avoid any design mistakes in construction of such platforms.  

Our goal in this HardwareX paper is to help other researchers by presenting the design and 

construction details of a multi-axis stress characterization platform that can be customized 

according to their experimental requirements. We particularly focused on reducing the overall cost, 
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while validating the accuracy and operation limits of the platform in extended static and cyclic 

load conditions. To demonstrate the operation of the platform, we also provide a case study in 

which we show the characterization of a custom multi-axis stress sensor we developed for studying 

limb-prosthesis interfaces. A summary of the final platform specifications along with the online 

repository is given in Table 2.1.   

Table 2.1: The specification table for the characterization and testing platform. 

Hardware name Multi-axis Stress Sensor Characterization and Testing Platform 

Subject area Engineering and Material Science 

Hardware type Measuring physical properties and in-lab sensors 

Open Source License Creative Commons (CC) BY 4.0  

Cost of Hardware $ 600 for the presented translational stage and $5,200 for the 

commercial Force/Torque Sensor 

Source File Repository https://data.mendeley.com/datasets/bfp55yvfxx/1 
 

2.2 Hardware Description 

The basic goal of the described system is to apply controlled forces in normal and shear 

directions. The presented system is made up of three modules: (a) translational stage, (b) 

force/torque (F/T) sensor and (c) the software interface. By processing the data received from the 

F/T sensor, the software interface issues commands to actuate the translational stage. This modular 

structure allows researchers to modify the subsystems to best suit their own application 

requirements. For instance, the translational stage could easily be exchanged with an existing 3-

axis translational stage, and the 3D F/T sensor could be replaced with another to increase operation 

bounds. The following subsections describe each module:  

2.2.1 Translational Stage 

The translational stage is responsible for applying controlled forces as directed by the 

software interface. To apply shear and normal forces, we chose to use a multi-axis translational 

stage with the z-axis for normal force and the x and y-axes for shear force. We decided to use a 
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translational stage made for computer numeric control (CNC) milling for the inherent sturdiness. 

For comparison, we provide a list of commercially available translational stages in Table 2.2. Of 

the available options, we picked the OpenBuilds MiniMill (by OpenBuilds Part Store) for its cost, 

work area, and standard metric screw sizes which allow for simple modifications.  

We designed and 3D printed a z-axis mount to attach the F/T sensor to the translational 

stage. To increase the translational movement resolution, we used the 1/16 microstepping feature 

which resulted in a steps per millimeter ratio of 400. The translation limits and the accuracy of 

translation are given in Section 2.7.2. In applications requiring higher speed, the resolution can be 

decreased to reach speeds of up to 40mm/s in each axis.   

We designed and laser cut a gantry cover using acrylic to have a nonconductive base plate 

for the stress sensor on which the force will be applied. The analyzed sensor dimensions are 

defined by the base plate dimensions which are 12cm by 12cm. The translational stage with all 

components attached can be seen in Figure 2.1. To apply controlled pressures, we designed and 

3D printed two custom force sensor tips with a circular tip radius of 0.5 and 2 cm. 

Because of the high voltages and the multiple circuit wiring connections, we designed a 

printed circuit board (PCB) to route the signal and power connections using EAGLE (By Autodesk 

Inc.). The custom PCB houses headers to plug the stepper motor drivers, terminals for motor and 

power connections and an emergency switch to stop any motion. The PCB also includes headers 

to connect with an Arduino UNO microcontroller board (Arduino Open Source Platform). A 

picture of the designed PCB connected to an Arduino UNO board with stepper motor drivers can 

be seen in Figure 2.2. To insulate the base of the Arduino board, we used a cork sheet. 
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Table 2.2: Comparison between the OpenBuilds MiniMill and other translational stages. 

TRANSLATIONAL 

STAGE  
RANGE OF MOTION (X, Y, Z) RESOLUTION  COST 

OPENBUILDS 

MINIMILL 120 mm x 200 mm x 90 mm 0.05 mm  $ 400  

THORLABS 

MT3/M-Z8 12 mm x 12 mm x 12 mm 0.000029 mm $ 2,500  

SHOPBOT 

DESKTOP CNC 610 mm x 460 mm x 140 mm 0.00635 mm $ 9,900  

 

 

Figure 2.2: Designed PCB attached to an Arduino UNO. Shown on the right placed on the stage with all 

of the connections. 

2.2.2 Force/Torque Sensor  

The F/T sensor provides feedback for the software controller during force application. The 

accuracy, resolution and range are important properties for an F/T sensor especially if it is to be 

used as a characterization sensor. A comparison between commercially available F/T sensors with 

different ranges are given in Table 2.3. Assessment Technologies Institute (ATI) specializes in F/T 

sensors and their products have been used in several publications [17], [37], [39]. In our setup, we 

decided to use the ATI Gamma Multi-Axis F/T sensor because it provided the right balance 

between sensing range and resolution for our biomechanical stress sensor characterization 

experiments. In the bill of materials, we kept the cost of the F/T sensor separated from the rest of 

the components because the specific sensor model depends on the resolution and price constraint 

defined by the application. 
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Table 2.3: Comparison between the ATI Gamma and other available F/T sensors. 

F/T SENSOR  
FORCE RANGE  

(X, Y, Z) 

TORQUE 

RANGE  

(X, Y, Z) 

FORCE 

RESOLUTION  

(X, Y, Z) 

TORQUE 

RESOLUTION 

(X, Y, Z) 

COST 

ATI GAMMA SI-

65-5 

65 N x 65 N x 

200 N 

5 Nm x 5 Nm 

x 5 Nm 

1/80 N x 1/80 N 

x 1/40 N 

0.00075 Nm x 

0.00075 Nm x 

0.00075 Nm   $ 5,200  

TEC GIHAN 

USL06-H5-

200N 

100 N x 100 N 

x 200 N  -  1 N x 1 N x 2 N   -   $ 1,800  

VARIENSE 

FSE103 

80 N x 80 N x 

100 N  -  

1.5 N x 1.5 N x 

1.5 N   -   $ 800  
 

 

Figure 2.3: Orientation of the F/T sensor on the stage. 

The orientation of the F/T sensor when attached to the translational stage can be seen in 

Figure 2.3. The orientation matches the translational stage except for the z-axis which points down 

for the F/T sensor. The F/T sensor contains load cells and includes an off-body amplifier box. The 

amplifier box is connected to a data acquisition device (USB-6210 from National Instruments). 

The data acquisition device can be substituted with any 16-bit differential analog to digital 

converter. Every ATI F/T sensor comes with a calibration file that needs to be used during 

operation.  

The cost of the F/T Sensor could be further reduced when three separate load cells are used 

for each axis. In ideal conditions, this would be cost effective; however, since every material bends 

and connection points shift, the effective force at the force application tip may not match the ones 
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near each of the axes. Our design contains an F/T sensor as close to the force application head as 

possible to remove any kind of mechanical noise.   

2.2.3 Software Interface  

The software interface connects the operation of the translational stage, the F/T sensor and 

the user input. The main functionality of this module is the automatic force application within the 

given force bounds while logging sensor output. The interface was developed on National 

Instrument’s LabVIEW platform to provide an intuitive graphical user interface (GUI) for the user. 

In addition, we also developed a Python programming language based demo-program for ease of 

integration of our system into software environments using this common language.  

The LabVIEW GUI can be seen in Figure 2.4. Before the experiments, the interface allows 

the user to select the calibration file, force and torque units, data acquisition device properties, 

sampling rate and data collection settings. Once these settings are selected, the program is ready 

to start. The GUI allows the user to control the motors manually for any kind of translation before 

enabling the automatic force feedback experiments. For automatic force feedback experiments, the 

user is required to specify start and end force values, the number of cycles, target force boundary 

and step speed. The automatic force feedback function also allows user to set an axis to hold a 

certain force value. If force feedback control is running, then the motor of that axis cannot be 

controlled through the manual control section. The step period, in milliseconds, determines the 

time between each motor step. Steps are counted for each axis, adding when the motor is moving 

in the positive direction and subtracting in the negative direction. The total number of steps taken 

in each direction is logged along with the force and torque values in all three axes. The sampling 

rate of the LabVIEW interface changes the data-recording rate. The fastest sampling rate of the 

interface is 25Hz for single sample recording. Batch reading, by recording more than one data 
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point per timestamp increases the sampling rate but requires interpolating the logged data during 

post-processing. The LabVIEW GUI also plots the force and torque response from the F/T sensor 

in real-time while the program is running. 

 

 

Figure 2.4: The custom LabVIEW program front panel. 

The modular GUI contains the following 13 sections and a stop button.  

1. ‘Sensor Parameters’ controls the calibration file and units of the F/T sensor.  

2. ‘Channel Parameters’ controls the connection to the DAQ for the F/T sensor.  

3. ‘Timing Parameters’ controls the sampling rate and samples read by the data acquisition 

device.  

4. ‘Data Collection’ holds the location and name of the data recording text file and the switch 

to toggle data collection on/off.  

5. ‘Movement Control’ section gives manual control options for each of the three axis motors 

individually and contains a selection for the Arduino connection port.  

6. ‘Force Output’ section displays the last six F/T values read by the sensor and contains the 

bias and unbias buttons.  

7-9.  ‘Force Feedback Control’ for X, Y or Z contains all parameters required to run a cyclic 

force feedback experiment: the target force, allowed error, number of cycles, and step 
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period (in milliseconds). These sections also show the current cycle, current force and 

current force target in each direction.  

 10-11. ‘Force Data’ and ‘Torque Data’ plots show the last n samples of force or torque data read 

in the X, Y and Z direction, where n is the value determined by the user in the ‘Samples to 

Read’ control (batch reading) in the ‘Timing Parameters’ section. 

12-13. ‘Total Force Data’ plots show all force data collected in the X, Y and Z direction since the 

last selection of the ‘Clear’ button. 

 

As mentioned, along with the LabVIEW interface, we developed a Python interface for the 

translational stage as a basis to integrate the system into a Python based workflow. This interface 

uses the “nidaqmx” Python package to interface with the data acquisition device and serial 

communications with a complementary Arduino sketch to control the translational stage. The 

Python interface provides two main functions: holding a set force on all axes, holding a set force 

on two axes and cycling between two forces on the third axis, with the option for hold times at 

both forces. Time stamps, force values, and torque values are logged in a comma separated value 

(CSV) file. 

In addition to the proposed use, researchers can modify our platform for other purposes. 

Some of the possibilities include: 

• Characterizing an array stress sensor by using the translation capability of the system to 

switch between sensor pixels 

• Characterizing strain sensors using grippers 

• Characterizing material properties like shear and Young’s modulus using the open loop 

translation data from the stepper motors 

• Using our stage as a pick and place machine 

• Testing the extended life of stretchable and flexible electronics 
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2.3 Design files 

Table 2.4: Description of the custom design files used in the platform.  

Design file name File type Open source license Location of the file  

F/T Sensor Mount CAD file  CC BY 4.0 https://data.mendeley.com/datasets/bfp55yvfx

x/1 

Mount Bracket CAD file CC BY 4.0 https://data.mendeley.com/datasets/bfp55yvfx

x/1 

C-Beam Gantry Plate 

Cover 

CAD file CC BY 4.0 https://data.mendeley.com/datasets/bfp55yvfx

x/1 

Tip twocm CAD file CC BY 4.0 https://data.mendeley.com/datasets/bfp55yvfx

x/1 

Tip halfcm CAD file CC BY 4.0 https://data.mendeley.com/datasets/bfp55yvfx

x/1 

Power and Signal 

Distribution Board  

PCB CAD design files CC BY 4.0 https://data.mendeley.com/datasets/bfp55yvfx

x/1 

LabVIEW Software 

Interface 

LabVIEW Library file CC BY 4.0 https://data.mendeley.com/datasets/bfp55yvfx

x/1 

Python Software 

Interface 

Arduino and Python 

program files 

CC BY 4.0 https://data.mendeley.com/datasets/bfp55yvfx

x/1 

Build Instructions Video file CC BY 4.0 https://data.mendeley.com/datasets/bfp55yvfx

x/1 

Operation Guide Video file CC BY 4.0 https://data.mendeley.com/datasets/bfp55yvfx

x/1 

Example Matlab Code MATLAB files and sample 

data 

CC BY 4.0 https://data.mendeley.com/datasets/bfp55yvfx

x/1 

 

2.3.1 Design Files Summary 

A summary of all of the custom design files are listed in Table 2.4.   

• Computer aided design (CAD) files F/T Sensor Mount and Mount Bracket are necessary mount 

components to build the mount of the F/T sensor. Make sure to 3D print two Mount Brackets. 

• The C-Beam Gantry Plate Cover is a CAD file that defines the laser cutting boundaries for the 

translational stage base cover. Make sure to experiment with the power settings when making 

the counterbore on the laser cutter.  



   

21 

 

• The two F/T sensor tip CAD files are example tip designs. The Tip twocm design has a 2cm 

and the Tip halfcm has a 0.5cm diameter circular area at the tip.  

• The Custom PCB design files are given in Power and Signal Distribution Board folder with 

the Gerber files for faster ordering.  

• The LabVIEW Software Interface is given as a LabVIEW library. The alternate, Python 

software interface is given in the Python Software Interface folder with the complementary 

Arduino Program. 

• Videos for Build Instructions and Operation Guide are included. 

• The processing code used to make figures and example data are provided in the Example 

Matlab Code folder. 
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2.4 Bill of Materials (BOM) 

Table 2.5: Bill of materials for the platform 

Designator Component # Cost per 

unit ($) 

Total 

cost($)  

Source of 

materials 

Material 

type 
XYZ Stage OpenBuilds Minimill 

Bundle  

1 399.00  399.00  OpenBuilds: 2170 - 

BUNDLE 

Metal 

Motors Nema 23 Bipolar 1.8deg 

1.26Nm  

3 13.07  39.21  omc-stepperonline: 

23HS22-2804S 

Non-specific 

Power Supply Mean Well AC110-220V 

to 24V 14.6A 

1 36.90  36.90  Ebay: NES-350-24 Non-specific 

Stepper Motor 

Driver 

Bigfoot BSD109A Stepper 

Driver 

3 12.00  36.00  Smw3d: BSD109A Non-specific 

Acrylic Sheet Clear Acrylic PlexiGlass 

Sheet 12 x 12 x 0.25 

Inches 

1 14.99  14.99  Amazon: Source One 

S1-12x12-.25 

Acrylic 

Force Gauge 

Screws 

M6 - 1.0 X 20mm Phlips 

head Screws (Pack of 50) 

1 12.99  12.99  Amazon Metal 

Corner 

Connector 

Black Angle Corner 

Connector 

4 2.99  11.96  OpenBuilds: 540 Metal 

Arduino Uno Arduino UNO with USB 

cable 

1 9.99  9.99  Amazon: Kuman 

UNO 

Non-specific 

Force Gauge 

Mount Screws 

M3 - 0.5 X 30mm (Pack of 

25) 

1 6.99  6.99  Amazon Metal 

Power Cable 3 Prong Power Cable 14 

Awg 15 Amp  

1 5.99  5.99  Ebay Non-specific 

Terminal 3, 4 and 

5 

4 Pin Terminal Block - 

Vertical 

3 1.95  5.85  Digikey: WM10636-

ND 

Non-specific 

Motor Cabling 10 Feet 18/4 AWG 

Shielded Wire (or 

22AWG) 

1 4.99  4.99  Ebay Non-specific 

BSD109A and 

other DAQ 

connection Vias 

Breakable Male Headers 

(12 per pack) 

9 0.43  4.32  Digikey: 952-3302-

ND 

Non-specific 

Terminal 1 and 2 4 Pin Terminal Block - 

Horizontal 

2 1.95  3.90  Digikey: WM10635-

ND 

Non-specific 

Acrylic Sheet 

Screws 

M5 - 10mm Screws (Pack 

of 25) 

1 3.20  3.20  OpenBuilds: 878-pack Alloy Steel 

SPDT Switch Toggle Switch SPDT 5A 

120V 

1 2.11  2.11  Digikey: EG2350-ND Non-specific 

Jumper Header 2 Pin Connector  2 0.10  0.20  Digikey: S9337-ND Non-specific 

        
 

    

Labview DAQ USB-6210 Data 

Acquisition Device 

1 700.00  700.00  Labview: USB-6210 Non-specific 

Force/Torque 

Sensor 

ATI Gamma F/T Sensor 1 5,200.00  5,200.00  ATI: Gamma F/T 

Sensor 

Non-specific 

      Total w/o 

force/torque 

sensor 

$ 598.59      

 

The list of all hardware components used in this project can be found in Table 2.5 and in 

the project repository: https://data.mendeley.com/datasets/bfp55yvfxx/1 
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2.5 Build Instructions 

Before starting the construction, use a 3D printer of choice to print the F/T sensor mount 

and the two brackets using 100% fill. For our prints, we used ABS plastic to 3D print all of our 

components. Some of the holes in the mount and the brackets will need to be tapped using an M5-

0.8 tap for screw connections. Find the tap indicators next to the holes that need to be tapped as 

shown in Figure 2.5. The threads made by tapping should be strong enough; however, drop in nuts 

could be used to increase joint strength if needed. The gantry plate cover needs to be fabricated by 

laser cutting. During fabrication, ensure that the counterbore hole is deep enough for the screws to 

lie flat with the surface of the gantry plate. Once these steps are completed, go through the 

following sections to build the translational stage, solder components on the PCB and build the 

computer environment for the Software Interface. 

2.5.1 Translational Stage 

OpenBuilds has a well-documented page about the MiniMill including its build 

instructions. Our F/T sensor mount and sensor can be attached to the stage during the assembly; 

however, we recommend getting comfortable with the MiniMill stage before installing the custom 

components. Make sure to connect the z-axis translational stage with a 40 mm offset so that the 

F/T sensor tip can touch the base plate. When attaching the custom components to the gantry plate, 

refer to the Build Instructions video and the exploded views in Figure 2.5. 

The OpenBuilds MiniMill webpage: https://openbuilds.com/builds/openbuilds-

minimill.5087/ 

Once the stage is completely installed and all other components are 3D printed, 

1. Remove the z-axis motor with the lead screw to install the custom mount and the F/T 

sensor on the gantry plate. 

2. Mount the F/T sensor mount to the z-axis gantry plate. 
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3. Align the F/T sensor’s Y+ axis to the front of the stage.  

4. Attach the F/T sensor to the sensor mount.  

5. Attach the two brackets to the sensor mount and then to the z-axis gantry-plate. 

6. Attach the optional F/T sensor tip  

7. Install the base gantry-plate cover.  

8. Finally, install the z-axis with the gantry plate back on the translational stage. 

 

 
Figure 2.5: Exploded views showing the different parts and assembly required to attach the F/T sensor to 

the translational stage. 

2.5.2 Power and Signal Distribution PCB 

The custom PCB design contains simple through-hole component footprints. An 

illustration showing the components necessary and the populated circuit is given in Figure 2.6. 

1. Solder the components using the markings on the PCB surface that match the designator 

labels given in the BOM.   

a. To use the PCB board as an Arduino shield, solder the signal headers, which are 

on the two sides, face down.  

b. The signal side of the stepper motor headers only require one column of headers.  

2. Connect the motor and power lines to the PCB using the labeling in Figure 2.6. The lever 

connectors are clamp type connectors that require the lever to be pushed in to connect a 

wire. 

a. All of the connectors in V+ and ground power connectors are shunted.  

b. To connect the stepper motors to the PCB, first locate the A, A’, B and B’ wires 

from each of the stepper motors. 

c. Insert the x-axis to the stepper motor top connector in the A - A’ - B - B’ order. 

Continue with the y-axis and the z-axis stepper motor cables. 
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3. Connect the stepper motor drivers to the PCB. Make sure to connect the two jumper 

headers to each of the stepper motor drivers to configure the 16x stepping mode. 

 

 
Figure 2.6: Components necessary for the PCB (left). Populated PCB with the stepper motor drivers 

attached (right). 

2.5.3 F/T Sensor connections 

Connect the F/T sensor to the data acquisition device using the directions from F/T sensor 

documentation. Then, connect the data acquisition device to the computer with the universal serial 

bus (USB) cable. 

2.5.4 Software Interface 

1. Begin by installing the necessary programs on a Windows computer.  

a. We recommend using the most recent LabVIEW Version to run the software 

interface.  

b. The NI-DAQmx driver and LINX for LabVIEW are also required to establish 

communication with the F/T sensor and Arduino for translational stage control.  

2. Before running the GUI, load the Arduino with the LINX firmware.  

a. To do this, launch LabVIEW, click Tools>>MakerHub>>LINX>>Firmware 

Wizard and follow directions.  

b. At this point, the LabVIEW software interface and all required drivers should be 

loaded and ready to be used. 
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The Python software interface requires Python 2.7 and the latest NI-DAQmx driver to be 

installed. Next, install the nidaqmx, numpy, time, threading, and serial libraries to Python. These 

libraries can be installed using the pip install functionality by entering “pip install libraryName” 

into a command window. Next, the latest version of Arduino should be installed to load the custom 

Arduino code on the Arduino UNO. Once Arduino is installed, launch and upload the 

ArduSerialMotorControl Arduino program to the Arduino UNO. 

2.6 Operation Instructions 

We recommend modular operation of the stage to test the sensing and actuation 

components separately before characterization runs. Refer to this section and the Operation 

Instructions videos before initial operation. At any point, use the stop button to stop the program 

or the safety switch on the PCB to stop the motors. 

Before each run, make sure that the motor enable switches in the software interface are all 

toggled off in the Movement Control box and the Run Force Feedback buttons are turned off in 

the Force Feedback Control box. 

2.6.1 F/T Sensor Connection and Testing 

1. Connect the F/T sensor to power, the data acquisition device and arduino to the 

computer’s USB port.  

2. Run the Software Interface and open the main.vi program.  

3. In the ‘Sensor Parameters’ section, enter the location of the F/T sensor calibration file in 

the ‘Calibration File’ field and choose units.  

a. The default units of the F/T sensor are Newtons and Newton-meters. To change 

these, enter different units in the designated units field. For force, the available 

options are Pounds (LBF), kiloPounds (KLFB), Newtons (N), kiloNewtons (KN) 

or kilograms (KG). For torque, the options are Pound-inches (LBF-IN), Pound-

feet (LBF-FT), Newton-meters (N-M), Newton-millimeters (N-MM), kilogram 

centimeters (KG-CM) or kiloNewton-meters (KN-M).  

4. Enter the port for the data acquisition device in the ‘Channel Parameters’ section. The 

parameters should be left as default for this section.  
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5. Edit the parameters in the ‘Timing Parameters’ section to change the sampling rate and 

enable batch reading. We recommend using the maximum ‘Sampling Rate’ of 25 Hz with 

1 ‘Samples to Read’. As mentioned in the Hardware Description section, the maximum 

sampling rate can be increased with batch reading, by increasing the ‘Samples to Read’. 

6. In the ‘Data Collection’ section, declare the text file name and location in the ‘Data File’ 

field before toggling the ‘Collect Data’ switch. This switch can be toggled at any point 

throughout the experiment.  

7. The final step required before the user can run the program is to select the appropriate port 

for Arduino in the ‘Movement Control’ section. The period, direction and enable for each 

motor can be changed while the program is running. 

8. At this point, hit the run button in the LabVIEW program options and verify if the Force 

Output box gets updated by measurements from the F/T sensor.  

a. If the batch reading option is not enabled, force outputs should show only the last 

reading from the F/T sensor and will not scroll the old readings.  

b. Apply a force on the F/T sensor and see if the values change in the program. The 

user can apply a Bias on this data to zero out the readings. Test the data collection 

function by toggling the “Collect Data” switch. 

2.6.2 Actuation and Force Feedback Control 

To operate the actuation system, make sure that the power supply is connected to a wall 

plug and the Arduino is connected to the computer. The safety switch should be enabled until the 

above steps are completed and the F/T values are constantly being updated. During program boot 

process, the motor controls and force feedback options are grayed, indicating that the Arduino 

code is starting. 

1. Once booting is complete, manually operate the motors with the “Movement Control” 

options to get familiar with the stage’s movement.  

a. These controls can be used to select the speed and direction of the motor. 

Experiment with these commands and make sure that the motors are working before 

going to the next step.  

2. To begin a force feedback control experiment, bring the F/T sensor to a ‘zero’ state such 

that the sensor is not in physical contact with the sample/device on the stage.  

a. Use the safety switch on the PCB to turn off the motors for any hand adjustments 

to the stage.  

b. To remove any baseline from the F/T readings, select and then deselect the bias 

button.  

3. In the Force Feedback Control section of the desired axis, edit the parameters for the 

starting force, target force, error, step period and cycles number. 
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4. Select the ‘Run Force Feedback’ button to begin a force feedback control experiment.  

a. To restart the experiment, deselect the ‘Run Force Feedback’ button and click on 

the ‘Restart Cycles’ button.  

b. To hold the sensor at a specific force value in any axis, select ‘Hold _ at Target’ 

while a force feedback experiment is running. The axis will hold force value around 

the ‘Current X Force Target Value’. 

5. When ‘Run Force Feedback’ is selected for an axis, the stage will move the motor of that 

axis until the F/T sensor is within the bounds of error of the target force. The stage will 

then return to the ‘zero’ state and repeat for the user-inputted number of cycles.  

6. During the experiments, observe the force and torque readings on real-time graphs in the 

software interface.  

a. The immediate measurements are shown on the top two graphs and the total 

accumulated measurements are shown on the bottom graphs in the interface.  

b. The data on the graphs can be cleared with the “Clear” button.  

 

To operate the Python demo program start by editing the important parameters in the 

Python file with a text editor. First, transfer the UserAxis calibration data from the calibration file 

of the F/T sensor to the Python file. Next, adjust the nine important configuration sections based 

on the nature of each experiment. 

1. ‘Set Points’ contains the set points for each axis. These are the values the stage will use 

when holding. 

2. ‘Cycle Points’ contains the peak cycle points for each axis. Depending on the mode, the 

stage can cycle force between the set point and the cycle point on one of the axes. These 

must be larger in magnitude than the set points. 

3. ‘Mode’ contains the system mode. Mode 0 holds all axes at their set points, while modes 

1,2, and 3 cycle between the set and cycle points on the x, y, and z axes respectively. 

4. ‘N Cycles’ contains the number of force cycles to be run before the collection run ends. 

5. ‘Hold Times’ contains the amount of time to hold at the set and cycle point forces. 

6. ‘Margins’ contains the error bound, which is used to determine when a force target is 

reached. 

7. ‘Operating Period’ contains the operating period, which is the period at which samples are 

collected from the force sensor and the rate at which the motors are controlled. 

8. ‘Serial Communication’ contains the parameters needed to communicate with the Arduino 

UNO over USB. 

9. ‘Logging’ contains the filename and write mode for the comma separated value (CSV) log 

file that is generated. 
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After configuration, the program could be executed by navigating to the same directory 

using a command prompt or a terminal and running “python Python_Software_Interface.py”. 

2.7 Validation and Characterization  

To validate our system, we performed various experiments to find accuracy and limits of 

operation, and ran a case study to characterize an example multi-axis sensor. 

2.7.1 Stress Application Response  

We used the F/T sensor limits of operation to test our platform’s structural integrity. In 

normal, Fz, and shear, Fx and Fy, directions, the limits of operation for the F/T sensor were 200 N 

and 65 N respectively. The shear stress experiments were performed while the F/T sensor tip 

(circular r = 1 cm) was stationed stable in a groove on the base plate with a 50N normal load to 

stop it from sliding and to avoid excessive torques on the F/T sensor. During the experiments, we 

used the ‘Hold Axis at Target’ mode to stabilize the unused axes around a certain force value and 

to compensate any mechanical bending of the system. The responses of these experiments can be 

seen in Figure 2.7. These experiments verified that our translational stage can reach the limits of 

the F/T sensor without losing structural integrity. The ridges in the force graphs are expected due 

to microstepping the stepper motors at 1/16 steps which is needed to increase the resolution of 

force application.  

 

Figure 2.7: Results of controlled shear x (left), shear y (middle) and normal (right) force cycling.  
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2.7.2 Translational Limits and Accuracy  

An optional feature of our system is multi-axis translation. This functionality is a secondary 

operation goal for our system since it is performed using open loop control using the stepper 

motors. Nevertheless, as we show in this section and in the following sections, the translation 

functionality performs well both without and under load. The limits of translation for each axis 

with its respective error is given in Table 2.6. To calculate the error of translation, we collected 

displacement information with 10 cm displacement commands around the translation range of each 

axis using a digital caliper (0-300 mm PITTSBURGH item 47261). We used these values to 

calculate the percent difference between the open loop translation and the measured translation in 

each axis. We believe that much of the present inaccuracy is because of the increased 

microstepping and motor quality [40], effects of which were observed as ridges in force 

applications in the earlier section. 

Table 2.6: Limits and accuracy of translation for each axis. 

Axis Translation Limit 

(mm) 

Translational Error 

X 124 0.9% 

Y 204 0.7% 

Z 91 0.9% 
 

2.7.3 Extended Static Load Analysis 

To show the robustness of our platform, we tested the mechanical drift while the system 

was set to keep a constant force for an extended duration. We used 50% of the maximum force 

values for each axis, namely 35N for shear and 100N for normal. As before, during the shear 

experiments, the normal axis was set to 50N to prevent excessive torques on the F/T sensor. These 

load values were kept within ± 0.5N for 15 hours per axis using the ‘Hold Axis at Target’ mode 

while we collected force measurements and motor displacement commands using the software 

interface. At the end of the experiments, we analyzed the motor displacement commands required 



   

31 

 

to keep the desired force value. The results are given in Table 2.7. These results show that while 

we can keep static force levels for extended durations, there is a small amount of mechanical drift 

in the system that is fully corrected with displacements from the motors. As mentioned in Section 

Error! Reference source not found., 400 motor correction steps equate to 1 mm of linear d

isplacement. 

Table 2.7: Mechanical drift of the platform during constant force application 

Axis Force Value 

Throughout the 

Experiment (N) 

Motor Corrections 

(steps/hour) 

X 35 0.765683 

Y 35 0.305063 

Z 100 1.615645 
 

2.7.4 Extended Load Cycling Analysis 

We also tested our platform’s robustness in extended cycling. For these experiments, we 

cycled each axis to 75% of the maximum force 1,000 times. The testing speed was set to 3 mm/min. 

During the experiments, we collected force measurements and motor displacements. After the 

experiments, we analyzed the displacement commands that were required to cycle the force 1,000 

times. The result from these experiments are given in Table 2.8. As shown in Figure 2.8, our 

platform was able to perform extended load cycling of each axis. A small amount of mechanical 

drift was compensated with mechanical displacement commands. 

Table 2.8: Mechanical drift of the platform during force cycling. 

Axis Force Value (N) Motor Corrections 

(Steps after 1000 

cycles) 

X 50 33 

Y 50 28 

Z 150 73 
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Figure 2.8: Results of extended load cycling in shear x (left), shear y (middle) and normal (right) directions.  

2.7.5 Structural Stability 

We used a combination of metal and 3D printed ABS plastic for our platform. None of the 

components showed any signs of visible failure/bending after our stability and one year of sensor 

characterization experiments. The ABS plastic components may limit the operation temperature 

of the platform to less than 77 °C [41], therefore, if desired, our designs could be used to 

manufacture the same components from more durable metals like aluminum. Otherwise, we 

recommend reprinting the components as needed. 

 

Figure 2.9: The multi-axis stress sensor array used in the case study experiments (left). Stress sensor 

attached to the characterization stage (right). 
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Figure 2.10: Cross-section response of the used sensor to normal (left) and shear stress (right). 

2.7.6 Case Study: Characterizing a shear multi-axis stress sensor  

To further validate our system, we ran an example characterization experiment with a 

previously developed multi-axis stress sensor. As presented in our earlier work [42], the capacitive 

stress sensor was developed for biomechanical applications and consists of two circular conductors 

separated by a silicone dielectric layer. For our experiments, we fabricated an array of multi-axis 

sensors using flexible copper conductors (r = 0.5cm), and silicone joined by Silpoxy adhesive 

(Smooth-On, Inc. Macungie, PA). The final sensor used in our experiments can be seen in Figure 

2.9. Our sensing principle is described by the parallel plate capacitance equation, 𝐶 =
 𝜀 𝐴

𝑑
 that 

relates distance, 𝑑, overlap area, 𝐴, of the two plates and the dielectric constant, 휀, with the overall 

capacitance, 𝐶. The cross-section response to normal and shear stresses are illustrated in Figure 

2.10. For the normal stresses, the distance between the two plates decrease resulting in an increase 

in capacitance, and for shear stresses, the overlap area decrease resulting in a decrease in 

capacitance. To characterize the response of this sensor, we used our system to apply cycles of 

controlled normal and shear stresses and measured the resulting capacitance. To measure 

capacitance, we used a custom data collection board with a capacitance to digital converter 

(AD7142 from Analog Devices). 

To make sure both types of stresses were distributed evenly on the sensing area, the force 

application tip area was twice the radius of the sensor (r = 1cm). For normal stress cycles, the stage 



   

34 

 

applied 110 N of force in continuous cycles while stabilizing the other two axes to 0 N. For shear 

stress experiments, the stage applied a constant 50 N of normal force to keep constant contact with 

the sensor and cycled to 15 N of shear force. Since our sensor is symmetrical, shear stress 

characterization was only performed in a single direction. The effective pressures used in the 

characterization were 350 kPa of normal and 48 kPa of shear. These values fall within the pressures 

observed in the lower limb prosthetic interfaces (normal: 342 kPa and shear: 76 kPa) [4]. 

The results of shear and normal stress characterization can be seen in Figure 2.11. As 

expected, normal stresses increase the capacitance and shear stresses decrease the capacitance. To 

further characterize the responses to shear and normal stresses, we give the time-scaled data as a 

Capacitance vs Force figure. This second figure helps us to evaluate the sensor with a different 

perspective of the data. For normal stresses, we notice an expected hysteresis from the silicone 

material used as the dielectric. Further, the trend of the response looks similar to the elastic 

modulus of silicone confirming that the contribution was due to the displacement of the two plates. 

In shear stresses, we observe a baseline drift which points at a possible breakdown in the adhesive 

holding the electrode on the silicone. This observation points to an investigation into the interface 

that holds the sensor together.  
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Figure 2.11: Capacitive response of the multi-axis stress sensor to normal stress (top) and shear stress 

(bottom). The sensitivity calibration graphs are shown on the right. 

2.8 Conclusion 

In conclusion, this paper presented the design and construction of a custom multi-axis 

stress sensor characterization platform. Each component was selected to build a low-cost system 

that would meet experimental setup requirements. Through various experiments, we verified the 

accuracy and operational limits of the platform. We further verified our system by presenting a 

case study in which we characterized a custom stress sensor. Through our descriptions here and 

the provided supplementary material, we aimed to save time and money for other researchers and 

provide an open source standard for stress sensor characterization and benchmarking.   

 

  



   

36 

 

CHAPTER 3: Liner Integrated Compression and Shear Stress Sensors 

T. Agcayazi, M. McKnight, J. Tabor, A. Kapoor, T. Ghosh, A. Bozkurt, Liner Integrated 

Compression and Shear Stress Sensors. IEEE Sensors Letters 2020 (Manuscript in preparation) 

3.1 Introduction 

Estimated by the World Health Organization, there are about 40 million amputees around 

the world [1]. In the U.S. the number of people living with an amputated limb is about 2 million 

[2] and is projected to double in the next 30 years [3]. Living as an amputee is difficult. Adapting 

to their new life takes considerable physical and psychological energy. The goal of prosthetics is 

to ease the transition by providing an artificial limb so that amputees can continue their daily lives. 

A prosthetic limb is made up of two major components, the limb-prosthetic interface layer which 

is often called the socket and the rest of the mechanical prosthesis. While the mechanical 

components could be premade and adjusted, the socket is always uniquely made for each amputee 

to balance comfort and mobility during use [4].   

Designing a new socket requires a clinical analysis of the residual limb to find the size and 

location of pressure tolerant and pressure sensitive areas [5]. Once these areas are identified, the 

prosthetist designs a test socket that applies more pressure to the tolerant and less pressure to the 

sensitive regions of the residual limb. Then the prosthetist evaluates this socket and makes changes 

based on feedback from the amputee for the final socket design. There are two subjective sources 

of information that are problematic in this process. The first one is when the doctor uses his/her 

hands during the palpation examination to locate the pressure tolerant/sensitive areas. The second 

is when the doctor relies on the amputee feedback to make the final socket. The subjective nature 

of this process allows there to be major differences in the final socket quality depending on the 

doctor’s experience or the pain threshold of the amputee on the day they went in for socket fitting. 
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Even though new technologies such as Infrared surface imaging [6], ultrasound imaging [7], 

magnetic imaging [8] and mechanical impedance analysis [9] have been proposed for quantifying 

the residual limb analysis, most prosthetists still rely on clinical analysis and feedback from the 

user during socket design due to the unreliability and expense of these new technologies. The 

subjective socket design process is a source of poor socket fit and discomfort for many amputees.  

On top of the two subjective metrics mentioned, the dynamic nature of the residual limb 

creates yet another problem and source of discomfort for amputees. The volume of a residual limb 

constantly changes because of shifts in the bones, weight loss or even dehydration of the amputee 

during the day. Therefore, amputees have to constantly think of adding spacers in the socket 

interface and get a redesigned socket at least once a year which dramatically increase the cost [10], 

[11]. During this process, some amputees observe pistoning (movement of the residual limb within 

the socket), gait instability, soft tissue damage, skin breakdown, painful sores and/or pressure 

ulcers due to poor socket fit [12]. When these problems arise, the amputee needs to stop using the 

prosthetic limb until the wounds heal, which unfortunately leads to misuse/mistrust of prosthetics. 

The most dangerous outcome of a poor socket fit is the loss of hope in the rehabilitation process 

and high abandonment rate of prosthetics which is currently above 50% [11].  

The parameters that define the quality of a socket fit are defined as the interfacial stresses 

(compressive and shear), air-gaps from pistoning, humidity, sweat, temperature and limb volume 

change [11]. Monitoring these parameters can prevent poor socket fit and increase the quality of 

life for amputees. Using these objective measurements, prosthetists can enhance their socket 

design and evaluation process [13], amputees can constantly track their use and socket fit, and 

doctors can analyze the usage data to evaluate the limb health. Tracking the limb-prosthetic 

interface quality is especially important for ~54% of amputees who lost their limbs to vascular 
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diseases [11]. These vascular diseases reduce the touch sensing function of the skin therefore 

making the amputee more vulnerable to unintended injuries with a poor fitting socket. Aside from 

helping prosthetists, amputees and doctors, sensing pressure differences are also important for the 

development of dynamic sockets that can dynamically adjust to limb volume changes for better fit 

[14]. In this dissertation, we focused on incorporating sensors to measure interfacial stress, air-

gaps, humidity and wetness. Stress sensing was a big focus for this dissertation since we believe it 

provides the most important information in the limb-prosthetic interface. 

Any technology that is built for the limb-prosthetic interface needs to consider the design 

needs of the tight and dynamic interface. The limb-prosthetic interface includes the residual limb, 

optional liner-liner (textile), liner (silicone), optional spacer socks (textile) and finally the rigid 

socket. Aside from helping us understand the mechanics, these layers also give us an ingredient 

list for materials we can use in new limb-prosthetic sensors for easier integration. A potential 

sensor needs to be highly compliant, seamless or built into the interface, spatially scalable, easy to 

integrate, low-power and technologically feasible.  

The current commercial and academic research space for interface sensing can be divided 

into three categories: (1) interface stress sensors that are made for other applications but can be 

integrated in prosthetics, (2) sensors that are built externally and used inside the limb-prosthetic 

interface (3) sensors that can be integrated into existing layers of the limb-prosthetic interface. The 

first category of sensors are spatially scalable to map pressure distributions and they use materials 

such as silicone polymers and textiles which allow them to be integrated into the limb-prosthetic 

interface layers [15]–[20]. The disadvantage of these sensors are that they are generally hard to 

fabricate, requiring many fabrication steps, and they are hard to integrate into the limb-prosthetic 

interface layers.  The second category of sensors generally provide a more stable sensor response 
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since they are built and tested externally. This category includes commercial systems such as the 

Tekscan F-Socket [21], Novel Pliance [22] and PPS TactArray [23] and academic systems such as 

[24]–[26]. These sensors are mostly reliable but since they are external layers that are added to the 

limb-prosthetic interface, they always change the mechanics and create an encumbrance layer. 

Because of this alteration, the validity of the data from these sensors are often questioned [27]. 

Most of the commercial systems are film-based sensors which often wrinkle in the highly dynamic 

nature of the limb-prosthetic interface. Aside from altering the interface, the sensors in the second 

category are generally also not scalable, they are hard to fabricate and they are hard to integrate 

into the interface. The third category of sensors are built into the existing layers, therefore they do 

not create an added encumbrance in the interface [27]–[30]. These sensors are also designed using 

easy to fabricate methods. The disadvantage for these sensors are that they are not easily scalable 

to map the pressure distribution in the interface and they are hard to integrate into the existing 

layers since the integration requires very invasive and technologically infeasible methods.  

In this paper, we describe the development, simulation and testing of an interface sensor 

that is different from the prior literature in that it is designed to functionalize an existing layer of 

the limb-prosthetic interface. We report on our capacitive compressive and shear stress sensor 

designed for seamless integration to the limb-prosthetic interface. Our sensor is printed directly 

onto the existing liner layer of the socket interface thus functionalizing this layer for compressive 

and shear stress sensing. The sensors are scalable, easy to integrate and do not create additional 

encumbrance.  

The main contributions of our work are: 

• Compressive and shear stress sensing  

• Ease of integration into the limb-prosthetic interface by functionalizing an existing layer 

• Spatially scalable array-based sensing of both compressive and shear stresses 

• Allows for low-power continuous measurements  
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• As compliant and stretchable as the liner material for long lifetime 

• Cheap and easy to fabricate using roll-to-roll techniques 

3.2 Materials and Methods 

3.2.1 Sensing Principle 

The operating principle of the designed sensors are similar to the parallel plate capacitor 

model where the overall capacitance is defined with the following equation, 𝐶 = ε0ε𝑟
 A

𝑑
. The 

parameters that effect the final sensor response are dielectric constant (ε𝑟), overlap area of the top 

and bottom plates (A) and the distance between the top and the bottom plates (𝑑). For capacitive 

pressure sensors, ε𝑟 and 𝑑 parameters are generally engineered to provide a high compressive 

stress sensitivity. In our design, we engineered the A parameter to provide a compressive and shear 

stress response.  

We designed two sensors to separate the sensing modalities for compressive and shear 

stress sensing. A square shaped sensor was designed to be sensitive to compressive stresses, Figure 

3.1b. To complement the square shaped sensor, a triangle shaped sensor was designed to be 

sensitive to shear stresses, Figure 3.1c. These sensors are mutually beneficial when used 

simultaneously because the information from both sensors can be used to decouple and measure 

the total compressive stress and shear stress applied on the sensors. The two-layer simple designs 

for these sensors was a key design decision to enable array sensing for 2d mapping of compressive 

and shear stress measurements, an example of which can be seen in Figure 3.1d. These two sensor 

designs will be referred to as the square sensor and the triangle sensor for the remainder of this 

paper.   

As shown in Figure 3.1b, the square sensor is made with a square shaped top plate and a 

line shaped bottom plate aligned to the center of the square shape. During a normal pressure 
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application, the distance between the top and bottom plates get smaller thus increasing the overall 

capacitance. The square shape ensures that constant overlap area is preserved during both x-axis 

and y-axis shear stresses. Aside from a small fringe capacitance change during an x-axis shear 

stress application, the capacitance of the square sensor does not get influenced by a shear stress 

application.  

The triangle sensor comprises of a triangle shape for the top plate and a line shape for the 

bottom plate, Figure 3.1c. This shape allows for the overlapping area to be related to shear stresses 

on the sensor. As a shear stress is applied on the sensor, the top conductor and the bottom conductor 

displace with respect to their original positions thus increasing or decreasing the overlap area and 

changing the capacitance. The shear stress sensor is only sensitive to shearing in one direction, 

therefore, shear stresses on the other direction does not change the resulting capacitance. A rotated 

triangle sensor is used for sensing the shear stresses in the orthogonal shearing direction.  

The triangle sensor is also sensitive to compressive stresses since the overall capacitance 

is also related to the distance change between the two plates. To decouple the sensing modalities, 

both sensors need to be used simultaneously. The compressive sensor response of the square sensor 

is used to remove the common mode response of the triangle sensor to compressive stresses. 

Likewise, the shear stress response of the triangle sensor can be used to remove the small shear 

stress response of the square sensor. Since the sensors need to be used together to decouple the 

compressive and shear stresses of a combined pressure, their size is an important factor in sensor 

design. The size of the sensors needs to be designed for the spatial resolution requirements of the 

final application. The design of the square and triangle sensors allow array implementations where 

square and triangle sensors are placed sequentially next to each other in rows and columns as 

illustrated in Figure 3.1d. 
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Figure 3.1: The concept and sensing principle. The array sensor is printed on the liner layer of the prosthetic 

socket interface (a). The graphical working principle of the compressive stress sensor (b) and the shear 

stress sensor (c). Array sensor for spatial stress sensing (d). The custom experimental setup used to induce 

compressive and shear stresses on the sensor for calibration (e). 

3.2.2 FEA Optimization of Geometry Parameters 

We used FEA COMSOL Multiphysics to rapidly explore the design space between the 

shape dimensions and sensor performance. For the square shape, the side length was varied from 

5 – 20mm with steps of 2.5mm. At each dimension, we evaluated the sensor response to varying 

compressive strain and shear displacement, see Figure 3.2a and Figure 3.2b respectively. The 

initial triangle shape was an equilateral triangle with an initial side length of 10mm. For the triangle 

sensor simulations, the height scale and base scale were varied from 50% to 200% their original 

values with steps of 25%. Figure 3.2c shows the triangle sensor response to shear displacements 

with a constant (100% scale) base scale and varying height scales. Figure 3.2d shows the same 

sensor response with a constant (100%) height scale and varying base scales. The design space for 

the triangle sensor was further analyzed by simulating all possible combinations of base and height 
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scales and analyzing the sensitivity and response range achieved in each dimension, see Figure 

3.2and Figure 3.2f respectively. The sensitivity was calculated as the slope of the 

capacitance/displacement curve where it was observed to be the highest from -4 mm to 0 mm of 

displacement. The response range was calculated as the peak-peak capacitance difference in the 

total shear displacement range. These simulations were performed with a static displacement 

between the plates (d = 4mm), a static line length for the top and bottom plates (80mm x 1.3mm), 

a static thickness of 0.1mm for all conductive traces and a dielectric constant of 3 with a geometry 

of 400 mm x 400 mm. The dielectric material thickness was assumed to be the same for all levels 

of shear displacement. The results were smoothed to remove the FEA solver variations.  

The square shape simulation results indicate that as the size of the square shape increases, 

the sensor response to compressive strain and shear displacement also increase. This means that 

there is a tradeoff between achieving a high sensitivity from compressive sensing and a low cross-

sensitivity from shear displacement. In our design, we decided to choose a midpoint side length 

value of 10mm to balance a high compression sensitivity and a mid-level shearing cross-

sensitivity. The triangle shape needs to be designed to maximize its shear sensitivity. Figure 3.2c 

and Figure 3.2d indicates that an increase in both height and base scales result in an increase in 

shear sensitivity and response range. The results also indicate that base scale increases result in a 

higher sensitivity and response range, Figure 3.2d. This trend continued for the expanded study 

where we analyzed the sensitivity and response range of all possible combinations of height and 

base scales, Figure 3.2e and Figure 3.2f.  Looking at these figures, the logical choice for the triangle 

dimensions would be to pick 200% scale for the height and base scales to maximize the sensitivity 

and the response range. However, this would increase the sensor footprint and limit the spatial 

resolution of the triangle sensor in an array configuration. Therefore, we selected 150% for the 



   

44 

 

triangle base scale and 100% for the height scale. This selection ensured a high sensitivity and 

response range for the triangle sensor with a small height scale to increase the spatial resolution. 

The simulations also indicated that the response profile of the triangle sensor was not 

centered at the center of the triangle, Figure 3.2c and Figure 3.2d. This can be explained by the 

capacitive fringe effects that the earlier described parallel plate capacitor model lacks. In our 

design, the triangle was offset by 1.5mm to shift the center of the response profile to the zero shear 

displacement point. This ensures that the sensor will respond to both directions of shear with the 

same sensitivity response. 

 

Figure 3.2: The simulation results to varying sensor geometries. Compressive Strain (a) and Shear 

Displacement (b) response of the Square Sensor at different side length dimensions. Shear Displacement 

response of the Triangle Sensor with a constant base scale (100% scale) and varying height scales (c). Shear 

Displacement response of the Triangle Sensor with a constant height scale (100% scale) and varying base 

scales (d). The sensitivity (pF) (e) and response range (pF) (f) map of the Triangle Sensor with varying 

height and base scales. 

3.2.3 Sensor Fabrication 

The sensors with the simulated dimensions were fabricated by stencil printing conductive 

elastomer on both sides of 4mm thick elastomer sheets representing the liner layer of the limb-

prosthetic interface. The elastomer sheets were made by casting Ecoflex 00 20 using a 4mm thick 
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7cm x 7cm rectangular mold. The conductive elastomer was made by mixing carbon-black 

particles in Ecoflex 00-50 (7%). The stencils were designed using CAD with the simulated 

dimensions and fabricated by laser cutting 0.1mm PET sheets. During fabrication, the outer 

boundary of the stencils and the elastomer sheets were used to align the prints.  We used a stainless-

steel squeegee for printing with a new stencil for each print. Figure 3.3a and Figure 3.3b show the 

fabrication process and the fabricated square and triangle sensors. The test leads were attached to 

the sensors using the same conductive doped silicone material as a flexible conductive glue. This 

provided both electrical and flexible mechanical connections to the sensors. The performance of a 

capacitive stress sensor mainly depends on the mechanical properties of the dielectric material. It 

is important to keep in mind that the dielectric material in this sensing method can be changed 

from the Ecoflex 00-20 to provide a better sensor performance. 

To test the reliability of the print, we strain cycled (30 cycles of 25% strain) a 1 mm x 21 

mm trace (MTS 30/G, Eden Prairie MN) and measured its electrical resistance using a 4-probe 

setup (Keithley, Model 2182A and Model 6221, Cleveland, OH), Figure 3.3c. The 4-probe 

connections were attached to the outside of the strain area to minimize experimental errors. The 

results indicate that the trace is resilient to 25% strain cycling, Figure 3.3d. During this experiment, 

the resistance change followed straining because of the piezoresistive properties of the doped 

conductive silicone. Since our sensing method is capacitive, this change and straining of the traces 

will not affect the sensing. 
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Figure 3.3: The stencil printed sensor fabrication (a). The fabricated triangle and square stress sensor (b). 

The four-probe strain-resistance experiment of a 1mm thick printed trace (c). Strain-resistance response to 

30 cycles of 25% strain (d). 

3.2.4 Multi-axis Electromechanical Characterization 

For electromechanical characterization, we designed our own test stage that applies 

controlled pressure cycles in normal and shear directions using a 3-axis translational stage and a 

3-axis Force/Torque sensor (ATI Gamma, Apex NC). The setup also includes a Precision LCR 

meter running at 1V and 1kHz (Keysight E4980AL, Santa Rosa CA) to simultaneously record the 

capacitance response of the sensor during experiments. The experimental setup is illustrated in 

Figure 3.1e. The frame of the translational stage was grounded to provide extra environmental 

electric field shielding during characterization. More information about our test setup can be found 

in a previous testbed publication [43]. The pressure application head was circular (r = 1.25 cm) 

and was aligned on the sensor during the experiments. The compressive stress was cycled between 
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0 kPa – 150 kPa at a speed of 30 mm/min and the shear stress was cycled between -15 kPa – 15kPa 

at a speed of 3 mm/min. 

For sensitivity and hysteresis measurements, we used the 9th stress cycle for every sensor 

to increase consistency and to reduce material and experimental errors. During the shear stress 

experiments, an additional 50kPa of compressive stress was applied to provide friction. We 

reported average sensitivity and hysteresis values from 3 fabricated sensors with standard 

deviation results. To test extended fatiguing of the sensors, we applied 7,500 cycles of compressive 

(3 kPa - 12 kPa) and shear (-2.5 kPa – 2.5 kPa) stresses and calculated the baseline drift. A single 

loading cycle was applied on all samples before the extended cycling experiment to remove sensor 

placement related irregularities. The following equations were used to calculate the resulting 

sensitivity, hysteresis and baseline drift. In these equations, 𝐶0 is the baseline capacitance, 

(𝛥𝐶/𝐶0) is the normalized capacitance, 𝛿𝑝 is the change in applied pressure in (kPa) and 

∫ 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 is the area under the loading curve. 

Sensitivity =  
δ(ΔC/C0)

δ𝑝
 

𝐻𝑦𝑠𝑡𝑒𝑟𝑒𝑠𝑖𝑠 (%) =
| ∫ 𝑈𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔 − ∫ 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 |

∫ 𝑈𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔 ∩  ∫ 𝐿𝑜𝑎𝑑𝑖𝑛𝑔
 × 100% 

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝐷𝑟𝑖𝑓𝑡 (%) =
|𝐶0

7,500 − 𝐶0
1|

𝐶0
1 × 100% 

3.3 Results and Discussion  

In this section we will present our sensor performance results and discuss the mechanical 

reasons behind our findings.  

3.3.1 Time Domain Response 

The time domain pressure response of the square sensor to compressive stress cycles and 

the triangle sensor to shear stress cycles are shown in Figure 3.4a and Figure 3.4b respectively. 
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For the square sensor, a compressive stress of 150kPa results in a capacitance increase of about 

0.4pF. The profile of this capacitance change can be attributed to the distance decrease between 

the top and bottom electrodes. The nonlinear electromechanical behavior between the pressure and 

capacitance as well as the lag in the sensor response will be covered in the following sections.  

The triangle sensor’s response varies with the applied shear stress, Figure 3.4b. As the 

shear increases in the positive direction of the axis, so does the capacitance output. In the negative 

direction, the capacitance response follows the shear pressure and changes in the opposite 

direction. A change of 15kPa of shear pressure in the positive shear direction results in a 

capacitance change of 0.22pF. A shear pressure of 15kPa in the negative shear direction results in 

a capacitance change of 0.22pF. The response profile of the triangle sensor can be attributed to the 

area of overlap change between the top and the bottom plates during shear pressure application. 

The behavior of this electromechanical response will be further analyzed in the following sections.  



   

49 

 

 

Figure 3.4: The experimental results. The time domain pressure response of the square shape sensor to 

compressive stress (a) and the triangle shape sensor to shear stress (b). The compressive stress sensitivity 

of the square sensor (c) and the triangle sensor (d). The shear stress sensitivity of the square sensor (e) and 

the triangle sensor (f). The hysteresis of the square sensor to compressive (g) and triangle sensor to shear 

(h) stress. The extended fatigue response of the square sensor to compressive (i) and triangle sensor to shear 

(j) stresses. 
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3.3.2 Sensitivity and Cross-sensitivity of the Square sensor 

The electromechanical response of the square sensor to the compressive and shear stress 

are given in Figure 3.4c and Figure 3.4e respectively. These figures show square sensor’s 

sensitivity to compressive stress and cross-sensitivity to shear stress. The square sensor’s 

sensitivity to compressive stress was observed to be bilinear with two linear regions below and 

above 10kPa. A higher average sensitivity of 4.89E-3 ± 1.50E-3 kPa-1 was observed for the first 

linear region than the second linear region which had a sensitivity of 2.12E-3 ± 0.36E-3 kPa-1. The 

main parameter that contribute to the compressive stress response is the changing distance between 

the top and bottom plates of the square sensor during pressure application. Therefore, the 

sensitivity of the square sensor can be adjusted by changing the dielectric material. 

The average shear stress cross-sensitivity of the square sensors was observed to be 

extremely small at -0.02E-3 ± 0.60E-3 kPa-1. This small change in the sensor response during shear 

pressure application can be attributed to fringe electric field changes during the shear pressure 

application. In comparison, the square sensor is 100 times more sensitive to compressive stresses 

than shear pressures, which indicate that the square sensor can be used as a standalone normal 

pressure sensor with a small sensitivity to shear pressures. 

3.3.3 Sensitivity and Cross-sensitivity of the Triangle sensor 

The triangle sensor’s cross-sensitivity to compressive stress and sensitivity to shear stress 

are given in Figure 3.4d and Figure 3.4f respectively. The cross-sensitivity response shows that 

the triangle sensor is almost as sensitive to normal pressures as the square sensor with a similar 

bilinear response. This response can be attributed to the changing distance between the two plates 

of the triangle sensor. The sensitivity response of the triangle sensor to shear pressures shows the 

difference between the two sensors. The triangle sensor’s shape allows it to be sensitive to shear 
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pressures at a near linear rate. The average shear stress sensitivity of the three fabricated triangle 

sensors is 18.0E-3 ± 1.3E-3 kPa-1. This response can be explained by the triangle sensor’s shape 

which allows the overlapping area to change during shear pressure application. The shear stress 

sensitivity of the triangle sensor is about 10 times higher than the cross-sensitivity to compressive 

stress and about 1000 times higher than the shear stress cross-sensitivity of the square sensor.  

These results indicate that as a standalone sensor the triangle sensor cannot differentiate 

between shear and normal pressures. However, when used with the square sensor, the triangle 

sensor can provide valuable shear response information which will be mutually beneficial to both 

sensors. The triangle sensor’s shear sensitivity can be used to reduce the cross-sensitivity of the 

square sensor to shear stresses and likewise, the square sensor’s sensitivity to compressive stress 

can be used to factor out the cross-sensitivity of the triangle sensor to compressive stress. This can 

potentially be mitigated by taking the measurements from all nearby square sensors and doing 2D 

interpolation to estimate the most likely compressive stress at the shear sensor location. 

3.3.4 Hysteresis 

The hysteresis response of the square sensor to compressive stress and the triangle sensor 

to shear stress are given in Figure 3.4g and Figure 3.4h respectively. Both sensors have some 

hysteresis because of the recovery rate of the dielectric material used. The presence of hysteresis 

means that some energy was absorbed by the material during mechanical application and that the 

material was not fully elastic. The average hysteresis of the square sensor is 25.0 ± 5.2 % and the 

average hysteresis of the triangle sensor is 21.9 ± 1.5 %. The triangle sensor has a lower hysteresis 

because the shear stress response of the material was more repeatable than the compressive stress 

response. For the final implementation where square and triangle sensors are used in tandem, the 

presence of hysteresis negatively effects the accuracy of the sensor. 
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3.3.5 Extended Cycling Fatigue 

Extended cycling shows the accelerated response of the sample in an extended use. Since 

the sensors are designed to be placed in the prosthetic limb interface, we applied 7,500 stress cycles 

to simulate a day of walking with 7,500 steps. The extended cycling of the square sensor to 

compressive stress and the triangle sensor to shear stress are shown in Figure 3.4i and Figure 3.4j 

respectively. Both sensors continued functioning throughout the test, however the sensor 

properties did drift slightly. The baseline drift for the square sensor was 0.8% and the baseline drift 

for the shear sensor was 2.3%. This drift can be explained by the collapsing of the material in 

extended cycling. All performance parameters can be adjusted by changing the mechanical 

properties of the dielectric material. 

3.4 Conclusion 

Limb-prosthetic interface sensing is essential to understand the reasons behind poor fitting 

and the resulting abandonment rates of prosthetics. In order to provide a feasible solution, the 

sensors need to be seamlessly integrated into the limb-prosthetic interface. To solve this challenge, 

we presented a scalable compressive and shear stress sensor which functionalizes the existing liner 

layer for seamless integration. The capacitive sensing method works by measuring the capacitance 

changes resulting from compression and shearing of the liner layer in the limb-prosthetic interface. 

Two novel electrode shapes are designed and optimized through simulation to measure 

compression and shear stresses. The sensors are fabricated using a conductive doped silicone 

material and tested using a custom multi-axis test setup. The results indicated that the response 

from the two sensors are mutually beneficial and can be used simultaneously to provide 

compressive and shear stress measurements. There are several future work challenges remaining 

to expand this work for real life applications such as testing the array sensor response, adding 
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electric field shielding, making reliable and compliant electrode connections, evaluating various 

speeds for stress measurements and minimizing the sensor area to increase the spatial resolution. 
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CHAPTER 4: A Tunable Interface-Quality Sensor for Human Coupled Accessories 

T. Agcayazi, Y. Menguc, S. Reese, Skin in the Game: A Tunable Interface Quality Sensor for 

Human Coupled Accessories. IEEE Sensors Letters; 2020  

*This work was conducted during an internship with Facebook Reality Labs.  

4.1 Introduction 

Balancing comfort and fit is crucial to maximize the value and effectiveness of human 

coupled accessories such as shoes, prosthetics, helmets and other PPEs, Figure 4.1. A loose fitting 

can create an uneven pressure distribution within the interface which may lead to discomfort, 

pressure ulcers and injuries [12]. For prevention, interface-quality monitors can be continuously 

used to ensure the health and well-being of users. This problem is also relevant for wearable 

devices and health monitors where correct fitting can enhance user experience and tracking of fit 

can enable sensor reliability measurements. 

The conventional method of evaluating interface-quality is by measuring the pressure 

distribution using a commercial interface pressure sensor such as Tekscan F-Socket [44], Novel 

Pliance [45] and PPS TactArray [46]. Even though this technology is currently preferred for 

evaluating the design of human coupled accessories [8], [13], there is considerable interest in 

adding air-gap sensing to achieve comprehensive interface-quality monitoring [47]–[49]. An 

existing air-gap in the interface will lead to pistoning for prosthetics and slipage for shoes which 

can have severe medical consequences for the user. Inductive and optical methods have been 

explored for air-gap sensing but these methods require major alterations to the interface, such as 

placement of ferrous materials on/near the skin for inductive [48] and ensuring clear line of sight 

for the optical sensing [49]. Non-contact capacitive sensing can enable sensing without the need 
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to alter the interface, however prior research in this area is limited to gesture sensing or activity 

monitoring [50]–[54]. 

 

Figure 4.1: Possible locations of interest for interface-quality monitoring (a). Conventional capacitive 

sensing (b) and our sensing architecture (c). 3D printed honeycomb dielectric (d left) and cone grid 

dielectric (d right) geometries. The experimental setup for dielectric performance evaluation (e). 

Available interface-quality sensors also have limited compliance with a constrained pool 

of materials that can be used in their construction, which can be uncomfortable for extended use. 

Film type interface pressure sensors, such as the F-socket by Tekscan, are durable but not 

compliant enough for long term use. Elastomer type interface pressure sensors are compliant and 

can be designed for high sensitivity response [20], [55], however, they use non-breathable 

materials that are not comfortable to use on the skin. Textile pressure sensors are both compliant 

and are made using breathable materials, however these sensors have relatively higher hysteresis 

and the materials that can be used in sensor construction are limited which can be irritating for 

sensitive skins [16]. 

In this paper, we present a non-contact capacitive sensor that can sense air-gaps as well as 

contact pressures to monitor comfort and fit for human coupled accessories. We achieve these 

sensing modalities by adding the skin as an active electrode to the capacitive sensor model and 

through careful design of the dielectric between the accessory and the skin. For the tunable 

composite dielectric, we integrated a breathable textile fabric facing the skin for comfort and a 3D 

printable structure to increase sensor performance. We evaluated the performance of 26 dielectric 
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designs including the bare textile layer, then used the sensor with the lowest hysteresis in a shoe 

insole to measure the gait and fit quality. The textile layer can be exchanged with existing interface 

layers for a seamless fit with reduced encumbrance (e.g., with socks in an insole application). 

In summary, our contributions are: 

• Novel air-gap and contact pressure sensor for interface-quality monitoring   

• Tunable and compliant textile/elastomer composite dielectric    

• Use of all commercial materials and processing  

• Demonstration of the sensor in a shoe insole  

4.2 Materials and Methods  

4.2.1 Sensing Principle 

As illustrated in Figure 4.1b, conventional capacitive pressure sensors are designed using 

two conductors sandwiching a dielectric material. Our sensor's architecture modifies the 

conventional sensor by adding the human skin as the Tx electrode, as in Figure 4.1c. This allows 

the capacitive sensor to be sensitive to air-gaps in the interface. The response of a capacitive sensor 

is described by 𝐶 = ε0ε𝑟(A/𝑑), where ε0 is the permittivity of free space, ε𝑟 is the dielectric 

constant, A is the surface area of the electrode and 𝑑 is the distance between the two plates. For 

both sensor architectures, a mechanical compression results in a change for ε𝑟 and 𝑑. Additionally, 

in our architecture, an air-gap increases 𝑑, thus decreasing the overall capacitance. Due to the 

effects of fringe electric fields, the initial sizes of the two electrode areas, A, is an added variable 

in air-gap sensing. Thus, the sensor needs to be calibrated for a new location on the human body. 

There is a possibility to remove this calibration step and expand air-gap sensing to accurate 

proximity sensing with appropriate fringe electric field shielding but this is outside the scope of 

this work. In our experiments, the area difference of the two electrodes did not have a significant 
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effect on the pressure response performance for area ratios below 1:25 (Rx electrode area : skin 

Tx electrode area). 

4.2.2 Composite Laminar Dielectric Design and Fabrication 

The mechanical properties of the dielectric material define the performance of the 

capacitive pressure sensor. In our architecture, we used a composite laminar dielectric to take 

advantage of the breathable and comfortable nature of textiles and the easily modifiable nature of 

elastomers to tune the mechanical properties, Figure 4.1c. We tested various 3D printed 

microstructure layers with void and added (honeycomb grill and cone grid) features to analyze 

their main contributions to the overall sensor performance. For the honeycomb microstructure, we 

varied thickness, hole diameter and hole separation, Figure 4.1d. For the cone (10°) grid 

microstructure, we varied the cone separation and cone base diameter. The geometrical parameter 

combinations used are given in Table 4.1. For the rest of the paper the dielectric samples will be 

referred to as Honeycomb/Cone Grid (Feature Diameter, Feature Separation, Thickness). The 

textile dielectric used was a plain tricot knitted cotton/spandex fabric. For the final application, 

this layer can be replaced with an existing textile layer in the interface. The elastomer layer was 

3D printed using EPU40 with a durometer of 71A (Carbon M1, Redwood City CA) [56]. 

Table 4.1: Geometry parameter combinations for the Honeycomb and Cone Grid structures in the 

composite dielectric. 

Microstructure Feature Diameter Feature Separation Thickness 

Honeycomb {0.75, 1.25, 1.75}mm {1.5, 2, 2.5}mm {0.2, 0.3, 0.5}mm 

Cone Grid {1, 2}mm {0.5, 0.75}mm {0.55}mm 
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Figure 4.2: Final sensor used in the insole quality monitoring application. The layout of the stencil printed 

electrode layer (left). Sensor stack (middle). Sensor cross-section with thickness measurements (right). 

4.2.3 Experimental Setup 

To rapidly evaluate sensing modes and characterize the composite dielectric performance, 

we developed a time synchronized experimental setup consisting of a compression system (Instron 

5940, 50N load gauge, Norwood MA) and an LCR meter (Keysight E4980AL, 1V 1kHz, Santa 

Rosa CA), Figure 4.1e. During benchtop experiments, we used two static square plates (25 cm2 

and 1 cm2) as a representation for the skin (Tx) and electrode (Rx) to reduce experimental errors. 

The size of the tested textile and 3D printed dielectric materials were kept constant to further limit 

experimental errors. To test the air-gap sensing performance, the separation distance was cycled 

from 0 to 3.2 mm. For pressure sensing, all dielectric materials were pressure cycled between 0 

and 21kPa. The equations below define how the sensitivity, hysteresis, response range and baseline 

drift for the composite dielectric materials were calculated using the pressure data collected 

between cycles 10 and 15 for consistency. In these equations, 𝐶0 is the baseline capacitance, 

(𝛥𝐶/𝐶0) is the normalized capacitance, 𝛿𝑝 is the change in applied pressure in (kPa) and 

∫ 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 is the area under the loading curve. 

Sensitivity =  
δ(ΔC/C0)

δ𝑝
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𝐻𝑦𝑠𝑡𝑒𝑟𝑒𝑠𝑖𝑠 (%) =
| ∫ 𝑈𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔 − ∫ 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 |

∫ 𝑈𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔 ∩  ∫ 𝐿𝑜𝑎𝑑𝑖𝑛𝑔
 × 100% 

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑅𝑎𝑛𝑔𝑒 = max(ΔC/C0 ) − min (ΔC/C0) 

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝐷𝑟𝑖𝑓𝑡 (%) =
|𝐶0

14 − 𝐶0
10|

𝐶0
10 × 100% 

For the insole quality monitoring application, we fabricated a stencil printed elastomer 

layer containing the conductive Rx electrode and top shield separated by an insulator. The final 

sensor with cross-sectional measurements can be seen in Figure 4.2 (Keyence Laser Microscope 

VK-X, Chicago IL). The sensors were connected to the capacitance digitizer (Analog Devices 

AD7156, Boston MA) using micro-coaxial cables to limit external noise during experiments. For 

this proof-of-concept study, the Tx channel was connected to the skin using a wet Ag/AgCl 

electrode. This connection can also be established using capacitive coupling to increase 

accessibility. 

4.3 Results 

4.3.1 Proximity and Pressure Response 

The proximity and pressure cycling response of a representative composite dielectric 

(honeycomb (1.25mm, 2mm, 0.4mm)) was concatenated for visual comparison in Figure 4.3. 

Overall, an air-gap of 3.2mm and a pressure of 21kPa produced approximately the same 2.2pF of 

capacitance change in opposite directions indicating that common mode rejection between the two 

modes of sensing is possible by calibrating for the proximity & pressure threshold as illustrated in 

Figure 4.3.  

During the proximity experiment, a decrease in distance resulted in a bilinear increase in 

capacitance due to the inverse relationship between the two parameters (C ~ 1/d). As an added 

consequence of this relationship, the sensitivity for detecting air-gap/proximity increased as the 
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distance decreased (0.135pF/mm above 1.5mm and 2.41pF/mm below 0.5mm of distance). This 

indicates that with an accurate capacitance digitizer (e.g., AD7142 1fF resolution), air-gaps as 

small as micrometers can be sensed. Since air-gap sensing is purely an electric field measurement, 

it does not depend on a particular dielectric composite. 

 

Figure 4.3: Comparison of the two sensor modes, proximity cycling on the left, pressure cycling on the 

right. Capacitance change is observed in both modes and differentiated using the proximity-pressure 

threshold. 

4.3.2 Composite Dielectric Pressure Sensing Performance 

In this section we present the most significant findings from the dielectric comparison 

experiments by analyzing the best and worst performing composite for each performance metric. 

Sensitivity: During the pressure cycling experiments, we observed a bilinear capacitance output 

for all composite dielectric materials due to the presence of air in the composite dielectric which 

escape and increase the dielectric constant during the first linear region. The sensor responses of 

the best performing sample for each of the linear regions is shown in Figure 4.4a. In the first linear 

region (0-1kPa), the honeycomb (0.75mm, 2mm, 0.4mm) composite had an average sensitivity of 

0.38 ±  0.002 𝑘𝑃𝑎 −1 which was 17% higher than the bare textile dielectric sensitivity. Part of this 

performance increase in the first region was because of the added compressibility from the 

honeycomb and textile composite structure. This result is comparable to the state of art 
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microstructured capacitive pressure sensors [20]. The sensitivity performance of other composite 

dielectrics with a honeycomb dielectric varied and were not similar. 

In the second linear region (>5kPa), the cone grid (2mm, 0.75mm, 0.55mm) composite had 

an average sensitivity of 0.041 ±  0.0003 𝑘𝑃𝑎 −1  which was 103% higher than the bare textile 

dielectric sensitivity. The lower sensitivity of this sample in the first linear range is because of the 

reduced air in the cone grid composite. This mechanical property provided for a more linear 

compressibility across the range of applied pressures which can explain the higher sensitivity in 

the second linear region. Aside from proving that the sensitivity can be tuned, these results also 

prove that the sensitivity of a bare textile layer can be improved by 17% for the first linear region 

and 100% for the second linear region using an additional custom elastomer layer.   

 

Figure 4.4: Performance comparison of the composite dielectric samples during contact pressure 

experiments. Samples with the highest sensitivity in first and second linear regions (a). Samples with 

highest and lowest hysteresis (b). Samples with highest and lowest response range (c). 

Hysteresis: Figure 4.4b shows the hysteresis curves of the lowest and highest hysteresis observed 

from the tested composite dielectric layers. The honeycomb (1.25mm, 2mm, 0.4mm) composite 

had the best performance with an average hysteresis of 9.02 ±  0.13%. This response was 21% 

lower than the hysteresis of the bare textile dielectric layer validating the overall benefit of having 

a composite dielectric layer to reduce hysteresis. The cone grid (2mm, 0.75mm, 0.55mm) 

composite responded with the highest average hysteresis of 24 ±  0.22%. This response can be 

explained by the buckling of the cone grid structure inside the textile dielectric layer during 

pressure cycling which increases the relaxation time. Even though the deformation of this cone 
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grid structure gave the high sensitivity performance in the previous section, it also increased the 

hysteresis of the sensor response which indicates a trade-off between sensitivity and hysteresis for 

the cone grid composite. In contrast to the honeycomb composite, the cone grid (2mm, 0.75mm, 

0.55mm) composite had a 112% higher hysteresis than the bare textile dielectric. 

Response Range: A comparison of the lowest and highest response range measured from the 

composite dielectric layers is shown in Figure 4.4c. The cone grid (2mm, 0.5mm, 0.55mm) 

composite had the highest average response range of 1.07 ±  0.01%  while the cone grid (1mm, 

0.75mm, 0.55mm) composite had an average response range of 0.38 ±  0.01%. As a comparison, 

the highest response range was 16% higher and the lowest response range was 59% lower than the 

response range of the bare textile dielectric.  

Baseline Drift: Most of the tested composite materials exhibited less drift than the bare textile 

dielectric layer. The best performing one was the cone grid (2mm, 0.75mm, 0.55mm) composite 

with a 74% lower baseline drift. This increase in performance indicates that the composite material 

has better recovery and is more robust than the bare textile dielectric.   

4.3.3 Insole Interface-Quality Monitor 

We selected the composite dielectric with the lowest hysteresis (honeycomb (1.25mm, 

2mm, 0.4mm)) and integrated sensors to the heel and ball area of an insole, Figure 4.5a. The 

experiment consisted of walking on a treadmill at the same speed while the shoe was fitted loosely 

and fitted tightly. To the user, a loose fitting meant that the heel side of the shoe was displacing 

from the heel during gait cycles. This displacement, or air-gap, was picked up by the sensor as a 

higher peak-peak capacitance change. Figure 4.5b compares the heel sensor response between 

loose vs tight fitting for five gait cycles. Our sensor can also be used as a foot-strike analyzer to 

ensure that there is a balance of stress being exerted by muscles and joints [57]. Figure 4.5c shows 
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the heel and ball sensor response while walking with a tight fitted shoe. The sensors are able to 

correctly detect a heel strike, the time between the heel-strike and ball-release, and the gait cycle 

time. 

 

Figure 4.5: Sensor placement on the heel and ball area of an insole (a). Heel sensor response to loose vs 

tight fitting (b). Heel and ball sensor response during walking (c). 

4.4 Conclusion 

In summary, we presented our initial findings for a non-contact capacitive sensor to 

evaluate the coupling quality of human coupled accessories. Our sensor architecture adds the 

human skin as an active electrode enabling non-contact air-gap and contact pressure sensing. We 

empirically evaluated the use of a composite dielectric layer containing a skin-friendly textile and 

a structured elastomer layer. Our results indicate that air-gap and pressure sensing is possible using 

our sensor and the pressure response is tunable using different elastomer structures in the 

composite dielectric. Using our evaluation, we integrated the sensor with the lowest hysteresis in 

an insole to measure fitting quality. We demonstrated that our compliant and skin friendly sensor 

architecture opens possibilities for continuous coupling quality measurements for human coupled 

accessories. Future work will include increasing the spatial resolution using an array of sensors, 

generalizing sensor performance to microstructure geometries, testing the sensor using skin 

models and exploring ways to compensate for environmental parameters like temperature, 

humidity and sweat. 
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CHAPTER 5: Fully-Textile Seamline Sensors for Facile Textile Integration and Tunable 

Multi-Modal Sensing of Pressure, Humidity, and Wetness 

T. Agcayazi, J. Tabor, M. McKnight, I. Martin, T. Ghosh, A. Bozkurt, Fully-Textile Seamline 

Sensors for Facile Textile Integration and Tunable Multi-Modal Sensing of Pressure, Humidity, 

and Wetness. Advanced Materials Technologies 2020  

5.1 Introduction 

Textile based electronic technologies enable unique approaches for designing flexible, 

conformable, light weight sensors capable of detecting external stimuli including pressure [16], 

[58]–[62], strain [63]–[68], humidity [69]–[71], and temperature [72]–[74]. Traditional sensors are 

made through relatively expensive and complex [75] microfabrication techniques requiring 

processes under vacuum and cleanroom environments [76], [77]. Whereas, e-textiles can be 

produced via comparatively simple and lower-cost fabrication methods [78]–[80] including 

coating [58], [81], screen printing [82], [83], fiber printing [68], and atomic layer deposition 

processes [84]. While these production techniques are relatively straightforward, many require 

specially designed equipment [62], [68] or processes which makes accessibility, scalability or 

incorporation to conventional textile manufacturing processes more challenging [16], [60]–[62], 

[84], thereby, limiting widespread adoption. Further, few studies have considered the effect of 

textile’s own porous dielectric properties for capacitive sensing. While existing studies focused on 

dielectric foams or films [59], [85] these studies did not explore the effect of textile material and 

physical parameters on capacitive sensing. 
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Figure 5.1: Sensor architecture and components (a) schematic of fabric/yarn-based parallel plate capacitor, 

(b) fabric-based distributed sensor network (c) silver yarn at 40x magnification (d) SS yarns at 40x 

magnification (e) seamline sensor network produced with silver yarns (f) seamline sensor network produced 

with SS yarns. 

Here, we present a facile means of creating a textile-based sensor array capable of detecting 

pressure, humidity, or wetness. To achieve this, we fabricated a network of capacitive sensors 

consisting of sewn conductive threads, subsequently referred to as “seamlines”, through a simple, 

and scalable sewing process (see Figure 5.1). In this architecture, the fabric is the dielectric 

material and the conductive yarns serve both as capacitive “electrodes” for sensing as well as 

interconnect routes to external front-end circuits. In theory, this fabrication technique can be 

applied to any fabric substrate and sensor properties may be tuned by proper selection of the textile 

dielectric material and conductive yarn. Our previous publications introduced the general sensor 

structure and its ability to detect pressure, wetness and electrocardiograph signals [86]–[88]. These 

preliminary efforts lacked a standard manufacturing technique and analysis of the relationship 

between the sensing modalities and various fabric structures and conductive thread materials. In 

this new research, we focused on the use of a commercially viable and scalable process rather than 

more laborious hand-sewing. Additionally, we compared the performance of three textile dielectric 

materials (cotton knit, polyethylene-terephthalate (PET) knit, and Kraton meltblown) and two 
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conducting yarns (silver-plated polyamide (silver) and stainless steel (SS)) on pressure, humidity 

and wetness sensing. A summary of the dielectric/electrode combinations studied is shown in 

Table 5.1. Cotton and PET textile dielectrics were selected because these polymers are commonly 

used in garments where the presented seamline sensors may be easily implemented for practical 

applications. Kraton (Kraton™ MD 1653, Kraton Corp.) is an elastomeric material consisting of 

a linear triblock copolymer based on styrene and ethylene/butylene. This material is expected to 

provide an elastic mechanical behavior particularly desirable for pressure sensing. The silver and 

SS yarns were selected because of their commercial availability, sufficient durability to withstand 

sewing processes, and relatively low electrical resistance.  

Furthermore, we investigated the effect of material properties such as compressive 

modulus, mechanical hysteresis and moisture regain on sensor performance parameters such as 

pressure sensitivity, pressure hysteresis, humidity sensitivity and liquid absorption time. For proof 

of concept demonstration of potential applications, we fabricated a 6×6 pressure sensing mat 

capable of detecting the location of pressure application. Additionally, we fabricated a touch-

sensitive glove to provide a human-drone interface allowing the user to control a drone with sewn 

traces on a glove.  

Table 5.1: Summary of samples and corresponding nomenclature. 

Nomenclature 

(Dielectric-Electrode) 

Dielectric Material (Fabric 

Type) 

Electrode Material (Yarn 

Type) 

Cotton-silver Cotton Knit Silver 

Cotton-SS Cotton Knit SS 

PET-silver PET Knit Silver 

PET-SS PET Knit SS 

Kraton-silver Kraton Meltblown Nonwoven Silver 

Kraton-SS Kraton Meltblown Nonwoven SS 
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5.2 Sensing Architecture 

The sensor array was composed of multiple row and column conductors, or seamlines, as 

illustrated in Figure 5.1. In this sensing architecture, spacing between the seam-lines is critical 

such that electrical shorting is avoided and should be selected based on the length of the sewn yarn 

stitches. At each crossover point in the array, a capacitive sensor was formed, subsequently 

referred to as a textile sensing element or “texel” similar to “pixel” referring to picture element in 

display technologies [89]. The texel’s response to applied mechanical deformations and humidity 

was measured from the changes in its capacitance [87]. A wetness texel is defined as the collection 

of four vertex texels formed using a pair of adjacent row and column conductors. The response to 

the presence of wetness was recorded using the resistance between the adjacent row and adjacent 

column conductors [88]. Since wetness uses adjacent threads for measurement, common mode 

rejection with pressure and humidity is possible - concurrent humidity and pressure applications 

do not change wetness measurements - but the reverse is not. 

The simplified capacitive response of our sensor can be explained by the parallel plate 

capacitor model. A parallel-plate capacitive sensor consists of a dielectric layer sandwiched 

between two parallel conductive surfaces (electrodes), shown in gray and purple respectively in 

Figure 5.1a and Figure 5.1b. The relationship between capacitance, C, vacuum permittivity ε0, 

dielectric constant ε𝑟 area of the conductive electrodes, A, and the distance between the conductive 

electrodes, d, is described by 𝐶 = ε0ε𝑟
 A

𝑑
. For textile-based capacitive pressure sensors, a 

mechanical deformation results in a change of ε𝑟, A, and d. This change defines the capacitance-

pressure relationship. Humidity changes on the other hand, can be measured using capacitance due 

to the porous nature of textile materials and changing dielectric properties. With increasing relative 

humidity (RH), a greater amount of water enters the textile’s pores thus increasing dielectric 
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constant ε𝑟. It should be noted that the total capacitance response of the sensor includes the 

baseline fringe capacitance formed by the row and column conductors outside of the sensing area. 

It is noteworthy that, in the scope of this article, we considered the evaluation and 

deployment of these three sensing capabilities (pressure, humidity and wetness) individually and 

independently. The concurrent measurements, such as measurement of pressure while the humidity 

is changing or vice versa, would be possible by deploying the appropriate signal processing and 

statistical tools, which we kept beyond the scope of this paper. 

5.3 Materials and Methods 

Fabric sensor fabrication: We used a commercially available sewing machine (Durkopp E901/6, 

Duerkopp-Adler, Bielefeld, Germany) for sensor fabrication. Prior to sewing, we treated cotton 

and PET samples with a commercially available fabric stiffening product (Original Stiffen Quik, 

Aleene’s®) for consistency during the sewing process. First, we loaded conductive yarns into the 

bobbin of the sewing machine to minimize stress on the yarn. A standard sewing yarn was used as 

the top component of the stitch and a 301stitch type was used with each stitch measuring ~7mm. 

Once the machine was appropriately set up, we inserted the fabric dielectric layer into the sewing 

machine and first sewed lines on one side of the fabric. Subsequently, we flipped the fabric 

dielectric layer and sewed conductive lines the opposite side of the fabric. The top and the bottom 

lines were sewn perpendicular to one another to make a sensor array. Spacing between the lines is 

critical such that electrical shorting is avoided and should be selected based on the length of the 

yarn stitches.  

Conductive Yarns (Electrodes): We utilized two distinctive, conductive yarns types. The first 

was an electrolysis plated polyamide 6,6 yarn (Shieldex 235/36 4 ply, V Technical Textiles, 

Palmyra, USA) consisting of four plies, each ply containing 36 filaments with each filament 
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measuring 235 deci-tex. The second was a stainless steel (SS) yarn (Bekinox® VN 14.2.9.175S, 

Bekaert, Waregem, Belgium ) made up of two plies, each ply containing nine filaments, with each 

filament measuring 14 μm in diameter. We analyzed the structure and diameter of the yarns using 

a stereomicroscope (Nikon SMZ 1000) and measured the yarn diameter using ImageJ software. 

We measured yarn resistance values using a multimeter over a 10 cm length of the yarn.  

Fabric Dielectric Layer Materials: We studied three distinct fabric materials for the dielectric 

layer: a cotton interlock knit, a PET interlock knit, and Kraton (triblock copolymer based on 

styrene and ethylene/butylene) meltblown nonwoven (MD1653 M). The knit materials were 

provided by North Carolina State University’s Wilson College of Textiles. The nonwoven 

materials were provided by The Nonwovens Institute.  

Dielectric Constant Evaluation: Prior to evaluation, we conditioned the textiles overnight in 

standard conditions of 70°F and 65% relative humidity (RH) per ASTM 1776. Testing was 

completed in standard conditions to eliminate effects of temperature and humidity. We measured 

the dielectric constant and dissipation factor using the Agilent dielectric test fixture (Agilent 

Technologies, 16451B) and a precision LCR meter (Keysights, E4980AL). Measurements were 

taken at a frequency of 1 kHz at 1V.  

Physical and Mechanical Characterization: We completed the mechanical tests on standard 

tension/compression testing equipment (MTS 30/G, Eden Prairie MN) using a test speed of 

3mm/min. Three texels in each sample were pressure cycled ten times from 0 kPa to 600 kPa. We 

calculated secant and tangent modulus values in two strain ranges corresponding to the two distinct 

regions of fabric mechanical behavior (0-40%, >60% strain). Average modulus values were 

calculated using the fifth pressure cycle of each texel. To calculate the mechanical hysteresis, we 

segmented the loading and unloading curves and found the corresponding exponential trend lines. 
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Then, we calculated hysteresis by finding the area between the loading and unloading curves and 

dividing the result by the loading area. The modulus and hysteresis values were given as averages 

of three texel responses to show statistical evaluation and variability.  

Dielectric Material Moisture Regain: We determined the R% of each material with the CEM 

Smart System 5 Microwave Moisture Analyzer. Testing was completed in standard testing 

conditions of ~70°C and 65% RH. Prior to testing, the textile dielectric materials were conditioned 

overnight in standard conditions of 70°F and 65% RH per ASTM 1776.  

Electromechanical Characterization: We used a precision LCR meter (Keysights, E4980AL) 

applying a 1 kHz and 1V AC signal to measure capacitance for the sensitivity and hysteresis 

experiments. For all other experiments, we used a custom wireless data acquisition system with a 

capacitance to digital converter (Analog Devices, AD7142) which increased the sampling rate to 

>200 Hz. Pressure cycles were applied to the sample, one texel at a time, using a custom built 

translational stage with a force sensor (ATI Gamma). More information about this custom 

electromechanical experiment setup and its validation can be found in our previous work [43]. We 

used LabVIEW to control the actuators while logging time synchronized pressure and capacitance 

data. For all the material testing, sensitivity and hysteresis experiments, the test speed was 

3mm/min. For sensitivity and hysteresis experiments, five texels in each sample were pressure 

cycled ten times from 0 kPa to 600 kPa. We used the fifth pressure cycle from each texel for 

analysis. The sensitivity and hysteresis results were presented as averages of five texel 

performances for each sample to evaluate statistical variability. Like mechanical hysteresis, we 

calculated the electromechanical hysteresis by finding the area between the loading and unloading 

curves and dividing the result by the loading area. In dynamic loading experiments, each sample 

was loaded to 50, 200 and 400 kPa at the same experiment speed of 3mm/min. In the experiments, 
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the stage head compressed the sample until the targeted pressure level was reached, and at that 

point the pressure was held for ~60s. The stage then decompressed the sample until the pressure 

level was 0 kPa and held the pressure for ~60s. This testing was done sequentially with 50 kPa 

cycles being applied first, followed by applications of 200 kPa and finally 400 kPa. For the 

extended loading experiment, the samples were subjected to 1,000 cycles between 12 kPa to 50 

kPa of pressure. A single loading cycle was applied on all samples before the experiment to remove 

dramatic differences in the textile structure. The resulting cycles were segmented and centered 

before plotting for comparison. To examine the response and relaxation time of our samples, we 

increased the step size of the experimental setup to exert instantaneous pressures of ~50kPa and 

increased the sampling rate of the data acquisition to sample every ~5ms (200 Hz). To minimize 

any experimental error, each sample was tested five times and the results were averaged to find 

the response and relaxation times. 

Humidity Testing: We determined the influence of humidity on capacitive response using a 

custom set up in a conditioned room located at North Carolina State University Wilson College of 

Textiles. In these experiments, temperature was held constant within the conditioned room at 

~70°C. Sensing behavior was first characterized in standard conditions of ~70°C and 65% RH 

with samples connected to the previously described capacitance board. Using a saturated salt 

solution containing lithium chloride, an environment of 21% RH was induced. The saturated salt 

solution was placed in an airtight container with holes for weight application and electrical 

connection. The holes opened for connection were sealed using clay. Finally, deionized (DI) water 

was placed in the airtight container to create an environment of 95% RH. Samples were left in 

each distinct humid environment for at least four hours to allow the sample to come to equilibrium 

[71]. A commercial temperature/humidity sensor (Ecowitt DS102, Mount Laurel NJ, USA) was 
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placed in the airtight container to monitor the temperature and RH of the environment within the 

chamber. Once equilibrated, samples were exposed to different weights (50g, 100g, and 200g) to 

study the effect of humidity on pressure responses. The weights applied during this experiment 

corresponded to pressures of 1, 2, and 4 kPa.  

Wetness Sensing: We applied a 120 μL droplet of DI water to evaluate the wetness sensing 

functionality of the samples while measuring the impedance changes. Impedance measurements 

were recorded from a wetness-sensing texel via electrochemical impedance spectroscopy using a 

Gamry Reference 600 Potentiostat system. To collect baseline dry impedance data from the 

samples, we applied DI water at the center of a wetness-sensing texel 5 minutes into the impedance 

data collection. More information about the wetness experiment setup and its evaluation can be 

found in our previous work [88].  

5.4 Results and Discussion 

In this section, we present the mechanical and electrical characterization results of the 

sensor samples used and relate the sensor responses to the material properties. The results of 

mechanical and electromechanical experiments are summarized in Table 5.2, Table 5.3 and Table 

5.4. 

5.4.1 Characterization of Materials 

Conductive yarns used in this research are displayed in Figure 5.1c and Figure 5.1d. The 

silver yarns were larger in diameter compared to the SS yarns (468.186 ± 114.206 versus 387.847 

± 28.961 μm). This difference may cause some change in capacitive response due to the difference 

in electrode area. The electrical resistance values of the yarns were similar with the SS exhibiting 

greater resistance when compared to the silver yarn (0.29 ± 0.033 versus 0.36 ± 0.030 Ω/cm).  
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Differences in physical and electrical properties of the dielectric layers such as thickness, 

solidity, moisture regain, and dielectric constant were expected to alter the sensing behavior.  

Thickness of the fabric dielectric layer is critical as it affects the possible range of sensing. The 

cotton, PET and Kraton materials possessed thicknesses of 1.10± 0.02, 0.84 ± 0.02, 1.82 ± 0.05 

mm respectively. Solidity (μ) may be used to quantify the volume of fiber present in a textile 

structure relative to its air content [90]. It is calculated accordingly 𝜇 = (𝑀/𝑉)/𝜌
𝑓
 = 𝜌𝑓𝑎𝑏𝑟𝑖𝑐/𝜌𝑓, 

utilizing the mass of the fabric (M) and volume (V) of the fabric together with the density of the 

fiber (ρf) [90]. The μ value of the Kraton meltblown fabric was the highest at 19.97± 0.46% 

whereas the cotton and PET knit fabrics possessed μ values of 12.31 ± 0.36 and 14.05 ± 0.47% 

respectively.  

Moisture regain (%R) is defined as the amount of moisture present in a fiber under standard 

environmental conditions and is expressed as a percent of the bone-dry weight of it. The value of 

%R and absorption/desorption behavior of the textile dielectric will vary depending on its 

constituents. Measured R% values confirm that cotton is a hydrophilic material with a R% of 5.30 

± 0.20% whereas PET and Kraton are comparatively hydrophobic with R% values of 0.79 ± 0.07 

and 0.72 ± 0.01% respectively.  

The dielectric textile mediums possess three distinct dielectric constant values, thus 

altering the capacitive response of the sensors. As the porous structure of a textile fabric was 

compressed, its air content decreased thereby changing its dielectric constant. For this reason, 

dielectric constant was measured under various levels of normal pressure. As expected, the 

dielectric constant of the textile samples increased with increasing compressive strain, as seen in 

Figure 5.2a. The dielectric constant of uncompressed cotton, PET, and Kraton fabrics were 3.35, 

1.85, and 1.12 respectively. Dielectric constants of 6 [91], 2.44 [92] and 2-3 [93] have been 
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reported for raw cotton fibers, PET films and Kraton films respectively. The dielectric constant of 

the fabric structures is comparatively lower due to the porous nature of fabrics. At 50% strain, the 

dielectric constant of cotton increased by 30% followed by the PET and Kraton which increased 

by 18% and 9% respectively. Relative to Kraton, a much larger increase in dielectric constant is 

observed for cotton and PET fabrics. This can be due the larger air content within the cotton and 

PET fabric structures. Additionally, the changes in the dielectric constant of Kraton followed a 

linear trend while the increases in dielectric constant for cotton and PET were nonlinear. It is worth 

mentioning that the dissipation factor for cotton and PET increased for increasing strain but stayed 

at zero for Kraton. 

5.4.2 Mechanical Properties of the Sensor Assembly 

Pressure sensing behavior of the seamline sensors is mostly dominated by the compressive 

behavior of the constituent materials. Therefore, it is important to consider the mechanical 

properties of the samples, specifically the stress/strain behavior which is indicated by the force 

required to compress a sample. This is particularly important for a capacitive pressure sensor in 

which the capacitive response is greatly influenced by a change in the thickness of the dielectric 

medium, or the degree to which the sample is deformed with the applied force. The stress/strain 

relationship of a cotton-silver texel under cyclic compressive strain is shown in Figure 5.2b. While 

this graph presents the results of a single texel, it should be noted that all the tested textile dielectric 

mediums and conductive yarn combinations exhibited similar trends in mechanical behavior, as 

presented in Table 5.2. The samples displayed a bilinear stress/strain relationship which stabilized 

after the first strain cycle where the fifth and tenth cycles appeared essentially the same. The 

difference in behavior between the first and subsequent cycles may be explained by the viscoelastic 
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properties of the polymeric textile materials. In subsequent sections, we used results from the fifth 

strain cycle to compare the mechanical properties of each sample for consistency.  

 

 
Figure 5.2: Dielectric properties of the textile mediums and mechanical properties of the seamline sensors 

(a) change in dielectric constant of a textile dielectric layer under strain (b) stress/strain behavior of the 

cotton-silver sample (c) stress/strain behavior and moduli of samples produced with SS yarns (d) 

stress/strain behavior and moduli of samples produced with silver yarns (e) moduli and mechanical 

hysteresis values calculated for each sample (f) mechanical hysteresis of a representative sensor. 
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The stress/strain relationships of a single texel of the SS yarn and silver yarn samples are 

provided in Figure 5.2c and Figure 5.2d, respectively. The stress/strain data obtained from three 

texels was used to calculate the average compression moduli of the materials. As illustrated by the 

stress/strain curves, there were two linear regions of mechanical behavior. The first was in 

compressive strain ranges of 0-40%, referred to as secant modulus, while the second was ranges 

of >60%, which is referred to as the tangent modulus. In the secant modulus region, the material 

was compressible thus, the modulus was much smaller than in the tangent modulus region when 

the fabric stiffened. When compressing the material within the secant modulus regime, it is likely 

that fibers were displaced and the pores within the textile structure were collapsing as air was 

removed. Rapid increase in tangent modulus was observed as the material essentially became solid 

with removal of air.  

The calculated average secant and tangent moduli values are shown in Figure 5.2e (shaded 

regions group fabric dielectrics to aid in sample comparison). Moduli values of samples produced 

with SS versus silver yarns in secant modulus regimes were similar, however SS samples often 

provided higher moduli. This was expected, as SS is a higher modulus material when compared to 

polyamide used in the silver thread. The tangent modulus of samples produced with silver yarns 

was greater compared to sensors fabricated with SS. This could be due to the fiber constituents 

and yarn structure. The silver yarns contained a greater number of plies and filaments, as well as 

a greater level of twist (see Figure 5.1c,d) compared to SS yarns.  

Another important parameter in the design of sensors is the mechanical hysteresis because 

these devices are expected to experience cyclic loading and unloading during practical use. Ideally, 

the seamline sensor structure would be perfectly recoverable during cyclic testing such that the 

sensor output would be the same regardless of whether the sample is being loaded or unloaded. 
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However, as textiles are viscoelastic, polymeric materials, their behavior during loading and 

unloading is expected to vary because energy is expended during loading to overcome internal 

friction, whether at the polymer, fiber, yarn or fabric level, which cannot be fully recovered during 

unloading [94]. Therefore, it is important to quantify and understand this behavior such that it can 

be accounted for during signal processing and sensor calibration. One of the measures of 

mechanical hysteresis is the fractional energy that is lost or dissipated during the loading-unloading 

cycle.  The lost energy may be dissipated as heat or in the form of other morphological changes in 

the material.  Consequently, part of the deformation may not be recoverable.  It can be calculated 

from the unrecovered work, expressed as a percent of the work done in the loading cycle.  In this 

research, hysteresis was calculated as, 𝐻𝑦𝑠𝑡𝑒𝑟𝑒𝑠𝑖𝑠 =
∫ 𝑈𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔 −∫ 𝐿𝑜𝑎𝑑𝑖𝑛𝑔

∫ 𝐿𝑜𝑎𝑑𝑖𝑛𝑔
 × 100%, where ∫ 𝑈𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔 is the 

area under the unloading curve and ∫ 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 is the area under the loading curve.   

Mechanical hysteresis values provided in Figure 5.2e were calculated using 

loading/unloading curves such as those shown in Figure 5.2f.  Hysteresis values were similar 

regardless of conductive yarn type when considering Kraton and PET samples. However, cotton-

based samples demonstrated a different trend with yarn type influencing the degree of hysteresis 

apparently. It should be noted that the cotton-silver samples possessed the greatest degree of 

statistical variability so this apparent trend may be misleading. In general, samples with Kraton 

yielded the smallest hysteresis (with the lowest deviation) when disregarding the statistically 

variable cotton-silver sample. Kraton is an elastomeric material which means that its polymer 

chains readily and reliably respond to strain with little permanent deformation during cyclic 

exposure. Thus, Kraton polymer chains more readily return to their original position when 

compared to non-elastomeric materials like cotton and PET [95]. The low hysteretic behavior of 

Kraton samples may also be attributed to their fabric structure. Meltblown structures consist of 
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micron-scale fibers which are extruded and collected on a screen while in a molten state. Once 

cooled, the fabric consists of a large number of fiber-to-fiber contact points [96]. Fused fiber-to-

fiber contact points may have provided the meltblown fabric with a more spring like nature 

compared to PET and cotton knit structures. Within knit structures, yarns may easily slip past one 

another without recovery, thus providing greater hysteresis and greater material variability.  

5.4.3 Electromechanical Characterization of Seamline Sensors 

The mechanical deformations applied on the seamline sensors result in a change in 

capacitance formed at each texel. In this section, we evaluate this electromechanical relationship 

and relate the results to the mechanical characterization provided in the previous sections.   

Sensitivity: The basic sensor response of the cotton-silver sample to cyclic pressure is shown in 

Figure 5.3a. Similar to the compressive strain-cycling curve given in the previous section, the 

sensor response to varying pressure was bilinear and stable after the first cycle for all the samples. 

We used the results from the 5th cycle to compare the sensor responses of each sample. The slope 

of the sensor response is generally defined as the sensitivity of a sensor. A sensor with a higher 

sensitivity is more desirable because it is less susceptible to environmental noise. The sensitivity 

is, therefore, formulates as 𝛥𝐶/𝛥𝑃, where 𝛥𝐶 is the change in capacitance and 𝛥𝑃 is the change 

in pressure [85]. We selected this sensitivity equation without baseline normalization since the 

baseline capacitance is highly dependent on empirical parameters such as the textile dielectric layer 

thickness variation and tightness of the stitch which are difficult-to-control and would vary from 

sample to sample.  

Figure 5.3b and Figure 5.3c respectively illustrate the sensor responses and average 

sensitivity values of representative texels from the SS yarn samples and the silver yarn samples to 

varying pressure. The bilinear trend of the sensor response shown in these figures indicated a major 
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correlation between the mechanical stress/strain results and electromechanical sensor response. In 

low-pressure regions (<50 kPa, <40% strain), the high sensitivity was likely due to the 

compressibility of the samples. In higher-pressure regions (>100 kPa, >60% strain), air was 

essentially removed from the sample which increased sample stiffness and reduced sensitivity. As 

an application note, the first linear region of the sensor response captures most of the low to 

medium pressures such as object manipulation [97] and the second region covers more rigorous 

pressures such as measuring the interfacial pressures in a prosthetic limb [4].   

 Across all samples, the silver yarn samples provided higher sensitivity than the SS yarn 

samples in both linear regions. For the first linear region, this performance difference was likely 

related to the compressibility difference of the silver samples discussed in the previous section. In 

the second region, we expected a lower sensitivity from silver yarn samples because of higher 

modulus observed in the previous section. However, the sensitivity of the silver yarn samples was 

higher, which would indicate that another parameter affected the sensitivity performance other 

than the compressibility of the electrode material. We assume that this performance difference is 

related to the deformation of the yarn or the electrode area change under compression. The silver 

yarn possessed a higher diameter and more filaments than the SS yarn. Therefore, under 

compression, the silver yarn electrode area increased more significantly, which resulted in a greater 

change in capacitance and thus a higher sensitivity.  
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Figure 5.3: Sensor properties (a) electromechanical response of the cotton-silver sample (b) 

electromechanical responses and sensitivities of samples produced with SS yarns (c) electromechanical 

responses and sensitivities of samples produced with silver polyamide yarns (d) hysteresis of a single 

representative pixel (e) sensitivity and electrical hysteresis values calculated for each sample. 

For the first linear region, samples consisting of a cotton dielectric layer demonstrated the 

best sensitivity performance. Some of this performance difference was likely due to the higher 
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compressibility of cotton samples observed in the previous section. However, this compressibility 

difference was small; therefore, we assume that the main source of this performance difference is 

the dielectric constant increase observed in Figure 5.2a. The first linear sensitivity region contains 

strains less than 50% , which, according to Figure 5.2a, corresponds to a 30% increase in dielectric 

constant for the cotton dielectric layer. This increase in dielectric constant is the highest among 

the other textile dielectric mediums. The dielectric constant increase for cotton saturated after 50% 

strain which is when the performance of the cotton samples were similar to PET and Kraton 

dielectric samples. In higher pressure regions, Kraton samples performed better with Kraton-silver 

being the best performing sample. This response was caused by the Kraton’s ability to remain 

relatively compressible with a lower tangent modulus as observed in the previous section, thereby, 

allowing this dielectric medium to perform better in high pressure regimes. The cotton and PET 

materials are highly compacted at the high-pressure regimes, thus providing a lower sensitivity.   

Hysteresis: Electromechanical hysteresis describes the difference in two sensor values during 

mechanical loading (pressure application) and unloading (pressure relaxation) [98]. Lower 

hysteresis is always desirable for a sensor since it increases the accuracy of measurements. Here, 

electrical hysteresis was calculated using the same approach as mechanical hysteresis, as described 

in Section 5.4.2. Figure 5.3d shows the sensor response of the cotton-silver sample to consecutive 

loading and unloading cycles under normal pressure. The average hysteresis values are reported 

in Figure 5.3e (shaded regions group fabric dielectrics to aid in sample comparison). Overall, the 

electrical hysteresis values of all of the samples were similar to each other with only a 12% 

coefficient of variation. For the cotton and Kraton materials, samples produced with silver yarn 

exhibited greater hysteresis than the SS yarn. This increase in hysteresis may be explained by the 

compressible nature of the silver yarn that adds to the time needed for the sample to come back to 
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its original shape after a pressure cycle. For applications requiring high accuracy, the 

electromechanical relationship of the sensor can be modeled to predict and reduce the effects of 

hysteresis during use [16].  

Dynamic and Cyclic Loading Response: In order to visualize the transient sensor response and 

any possible sensor drift, we applied various loads on the silver thread samples in a dynamic load 

response experiment. The response of the cotton-silver, PET-silver, and Kraton-silver samples to 

dynamic loads are shown in Figure 5.4a, Figure 5.4b, and Figure 5.4c respectively. A baseline 

capacitance increase was observed for all samples during the first pressure cycle. This was most 

likely due to the viscoelastic properties of the polymeric textile materials as mentioned previously. 

The cotton and PET samples demonstrated the highest baseline increase. This was likely due to 

polymer structure of cotton and PET samples. Cotton and PET samples were likely unable to 

recover from cyclic testing thus resulting in a baseline shift. This phenomenon was not observed 

for Kraton samples. Kraton is a crosslinked elastomeric material which provides desirable polymer 

chain recovery. This is reflected in Figure 5.4c which demonstrates minimal baseline movement 

over the course of testing.  

In order to observe the stability and reliability of the sensors, all samples were subjected to 

extended cycling tests (1,000 cycles at 12 kPa to 50 kPa). All samples provided repeatable results 

and continued working without damage after experiments. The results indicate that the response 

range for all samples decreased and stabilized above cycle 300, see Figure S2. The response range 

decreased more dramatically for samples that contains the silver-thread. This follows the general 

trend that silver-thread samples exhibited higher hysteresis and a higher response/relaxation time 

(investigated in the next section). We believe this is due to the relatively elastic nature of the SS 

yarns in low strain regime. Another outcome of this study was that the baseline shifted for all 
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samples and stabilized above cycle 600, see Figure S3. Changes in response range and baseline 

shifts can be explained by the viscoelastic properties of textiles that result in time-dependent 

recovery as well as non-recoverable deformation. This is also evident in  the shorter cycle times 

as the number of cycles increased, as shown in Figure S2 and Figure S3. For applications requiring 

more accurate cyclic pressure measurements, the samples can be preconditioned, or the cyclic 

pressure response can be modeled. Without preconditioning, the sensors can still be used to detect 

the presence and location of certain levels of pressure as shown in the applications section of this 

paper. It is important to mention that this was a preliminary experiment to see the response range 

change and baseline drift under extended cycling. Further experiments are required to fully 

understand the stability and reliability under extended cycling, and this was kept beyond the scope 

of this work. 

Response & Relaxation Time: Response and relaxation time parameters define how fast the 

sensor responds to mechanical loading and unloading respectively. Figure 5.4d and Figure 5.4e 

show the response and relaxation time results of the cotton-silver sample. The average response 

and relaxation times of the samples are reported in Figure 5.4f. In general, the relaxation times 

were higher than the response times. We believe that this is a direct result of the hysteresis observed 

in the previous section. Among the yarn types, the response and relaxation times for the samples 

made with SS yarn were in general lower than the samples made with silver yarn. We believe that 

this was because of the compressibility of the silver yarn which recovered to its original shape 

slower than the SS yarn. We observed similar response and relaxation time performances among 

different dielectric textile mediums.   
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Figure 5.4: Dynamic response and response/relax time of seamline sensors (a) dynamic response of cotton-

silver samples (b) dynamic response of PET-silver samples (c) dynamic response of cotton Kraton-silver 

samples. (d) Response and (e) relaxation time of the cotton-silver sample for loading and unloading of 

~50kPa (f) graphical representation of average response/relax times of each sample. 
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5.4.4 Relative Humidity and Wetness Sensing 

Textile based sensors have been explored for RH monitoring [69]–[71] and wetness 

detection, specifically sweat detection [99], [100] because such sensors can provide valuable 

information regarding an individual’s thermal comfort [101], [102]  as well as health conditions, 

emotional states, and exercise levels [103], [104]. We evaluated the samples’ abilities to sense RH 

and wetness since the seamline sensors described here may be easily integrated into clothing and 

serve as promising candidates for wearable environment monitoring or wetness detection. 

Alternatively, moisture insensitive materials can be used or the sensor can be sealed completely in 

applications where the effects of RH and wetness need to be reduced. In the sensor configuration 

proposed here, a hydrophilic or hydrophobic textile dielectric layer could be chosen for the desired 

sensing application accordingly.  

The experimental setup for humidity sensing and influence of humidity on samples’ 

capacitive responses are shown in Figure 5.5a and Figure 5.5b-d respectively. The results indicate 

that the capacitive response of cotton-based samples was far more influenced by elevated RH when 

compared to PET and Kraton samples. The cotton material, which possessed a larger R% value, 

was also more prone to retain moisture from its environment when compared to PET and Kraton. 

With increasing RH, a greater amount of water, which possesses a dielectric constant of ~80, 

entered the textile structure which in turn increased the overall dielectric constant and the resulting 

capacitance. The PET sample provided an intermediate response to humidity meaning it was less 

sensitive to humidity than cotton but more sensitive than Kraton. These results correspond to the 

fabrics’ %R values with cotton possessing the largest %R, Kraton providing the least %R, and 

PET providing intermediate %R. Therefore, cotton was a better material for humidity sensing 

applications thanks to its higher sensitivity. Kraton, on the other hand, could be used for pressure 
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sensing applications where coupling to humidity needs to be minimized. For an intermediate 

response, PET could be employed. 

 

 
Figure 5.5: Relative humidity sensing (a) RH test set up (b) capacitive pressure responses of cotton-silver 

samples at various humidity levels (c) capacitive pressure responses of PET-silver samples at various 

humidity levels (d) capacitive pressure responses of Kraton-silver samples at various humidity levels. 

 

These results indicate that humidity and pressure were coupled more for cotton then for 

Kraton. Therefore, cotton was a better material for humidity sensing applications thanks to its 
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higher sensitivity. Kraton, on the other hand, could be used for pressure sensing applications where 

coupling to humidity needs to be minimized. 

Figure 5.6 shows the wetness sensing evaluation for all the sensors. The impedance 

response of the row pairs (top side) are shown along with the impedance response of the column 

pairs (bottom side) in each sample. Figure 5.6 also contains inset pictures of each sample 

approximately one minute after the DI water application. The results indicate that the impedance 

of the top side for all samples started decreasing as soon as the DI water was applied on the sample. 

The bottom side impedance decreased slower as the DI water is absorbed through the fabric 

material. We defined full absorption time of DI water as the point at which the impedance of the 

top side and the bottom side were within 10% of their minimum value. The average absorption 

time for cotton-silver, cotton-SS, PET-silver, PET-SS, Kraton-silver and Kraton-SS samples were 

determined to be 5.7 m, 17.2 m, 0.5 m, 3.3 m, 15.9 m and 19.7 m respectively (Figure 5.6). All 

samples dried within one hour of DI water application. The dry impedance readings contained 

more noise in the readings; however, it was possible to distinguish wet regions and absorption 

times.   

Even though absorption time varied, all samples exhibited potential to be used to detect the 

presence of wetness. Among the fabrics, the absorption time for PET was quickest based on the 

impedance readings and visual observations during the DI water application. It was anticipated 

that the cotton fabric would provide the fastest absorption due to its traditional hydrophilic nature. 

However, it was observed that the cotton samples provided relatively long absorption times. This 

may be explained by wax and grease applied on the surface of the commercial cotton fibers/yarns 

which may increase the contact angle and hinder fabric wetting. Scouring, a common high 

temperature cleaning process used for cotton, is completed to remove waxes, greases and other 
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debris. It has been determined that scouring reduces the contact angle of cotton thus improving 

fabric wettability [105]. Therefore, it is possible that the absorption of the cotton material could be 

improved with scouring or another high temperature cleaning process. Alternatively, the high 

absorption time may be explained by residual stiffening product within the fabric structure which 

may have prevented water penetration (see Section 5.3). Similarly, Kraton-based samples 

displayed long absorption times. Depending on the desired wetness sensing properties, an 

appropriate textile material could be selected as the dielectric layer.  

The results show a difference of absorption rate between the two yarns used. Samples 

constructed with silver polyamide yarns absorbed the liquid faster than the samples with the SS 

yarn. Polyamide absorbs water relatively easily when compared to a metallic material like SS. 

Therefore, it can be speculated that the yarns aided in the absorption process.  

 

Figure 5.6: Wetness sensing performance of the various samples tested. Sample pictures ~1m after DI 

water application is given as insets. Average absorption time is found at the lowest impedance response of 

the top and bottom yarn in the sample (N=3). (a) cotton-Silver (b) PET-Silver (c) Kraton-Silver (d) cotton-

SS (e) PET-SS (f) Kraton-SS. 
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5.5 Proof of Concept Demonstration  

To demonstrate some potential applications, we fabricated a pressure mat and a touch 

sensitive glove based remote controller. These are provided as proof of concept examples which 

would benefit from further optimization. 

5.5.1 Pressure Mat 

Here, we demonstrate the ability of the flexible, textile-based sensors to act as a pressure 

sensing mat. Such pressure mats may be useful in applications such as bedsore monitoring, gait 

analysis or building occupation management. We manufactured a fabric sensing mat containing 6 

columns and 6 rows for a total of 36 texels (see Figure 5.7). We used cotton and silver yarns as 

this dielectric/electrode material combination displayed the greatest sensitivity in low pressure 

regimes and provided the best match for the anticipated pressures in this demonstration. A 100g 

weight (corresponding to 9.8 kPa) was placed on various sensing point locations on the pressure 

mat to demonstrate each sensor’s ability to detect the corresponding pressure. We designed a 

custom data acquisition system (10 cm x 10 cm printed circuit board) to measure the individual 

capacitance values of the pressure mat. The data acquisition system included a Bluetooth enabled 

microcontroller module (Simblee RFD77001, Hermosa Valley CA), a capacitance to digital 

converter (Analog Devices AD7142, Boston MA), two quad analog switches for multiplexing 

(Analog Devices ADG788, Boston MA) and screw terminal blocks for PCB connection with row 

and column threads. We programmed the data acquisition system to continuously digitize and 

transfer the capacitive sensor readings to a computer. To remove possible interference and 

crosstalk between parallel threads, we programmed the data acquisition system to ground unused 

rows and columns during multiplexing. The sensor readings were logged at the computer. 
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Each sensing point was able to clearly reflect the location of the applied pressure, circled 

in red in Figure 5.7a-e. As shown in this figure, the sensing point near the center of the placed 

weight showed the largest change in capacitance with pressure application. Surrounding texels in 

the same row or column experienced smaller increases in capacitance with the application of the 

weight. This can be explained by the dynamics of the sensor structure: because rows or columns 

are made up of a single conductive sewing yarn, when a weight was applied to one texel it caused 

a slight movement in the conductive yarn in all the texels within the corresponding rows and 

columns, thus resulting in a relatively small capacitance increase. Also, the measurements 

conveyed a small variation in the read capacitance for the same applied weight. When the weight 

was applied to different texels, the average ΔC was 0.107±0.013 pF at the center of pressure 

application.  This small variation is likely due to the variable properties of textile materials. 

Variance in thickness, mechanical properties of the dielectric medium or electrode materials may 

lead to differences in the sensitivity of each texel. In our future design optimization studies, this 

will be accounted for the sensor calibration process. During experimentation, we observed a small 

sensor response to bending deformations. This response requires additional experimentation to 

optimize the sensor structure for compliant applications. It is also noteworthy that this simple 

integration of conductive seamline into fabric mat for pressure sensing brings the advantage of 

scalability. A fabric mat of any size could easily be produced with tunable sensing properties based 

on the selected material as the dielectric layer. Additionally, the density of the sensing texels may 

be easily tailored by altering the stitch length and pitch between sewn conductive lines 
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Figure 5.7: Proof of concept demonstrations (a) pressure application on pressure sensing mat - row 5, 

column 2 (b) pressure application on pressure sensing mat - row 4, column 3 (c) pressure application on 

pressure sensing mat - row 3, column 4 (d) pressure application on pressure sensing mat - row 2, column 

5 (e) pressure application on pressure sensing mat - row 1, column 6 (f-j) demonstration of drone being 

operated by a wearable sensor interface. 

 

5.5.2 Wearable Human-Machine Interface 

To demonstrate the use of this sensing principle for a remote-control application, a 3×3 

pressure sensor array was sewn onto the dorsal side of a PET glove to act as a remote controller 
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for a quadrotor drone (Rolling Spider, Parrot SA, Paris). To increase the performance of the sensor 

against any environmental electromagnetic noise, we used silver yarns as the conductive material 

which demonstrated higher sensitivity within lower pressure regimes corresponding to touch. After 

the sensor fabrication, we used the silver yarn as the interconnect for easy integration with our 

second custom data acquisition system (2.5 cm x 2.5 cm printed circuit board). The data acquisition 

system for this application included a Bluetooth enabled microcontroller module (Simblee 

RFD77001, Hermosa Valley CA), a capacitance to digital converter (Analog Devices AD7142, 

Boston MA), a quad analog switch for multiplexing (Analog Devices ADG788, Boston MA). Like 

the pressure mat application, the data acquisition system was programmed to continuously digitize 

and transfer the capacitive sensor readings to a computer. Unused threads were connected to 

ground during multiplexing to remove interference and crosstalk between parallel threads. At the 

computer, the sensor readings were mapped to Bluetooth control commands to wirelessly control 

the drone near a white colored wall where the protective wheel around the drone avoided wall 

collusion. We used only four of the nine sensing points to move the drone in four directions (top 

sensing point to fly up, bottom sensing point to fly down, right sensing point to fly right and left 

sensing point to fly left). The successful remote control of the drone was shown in Figure 5.7f-j 

and Movie S1. In applications where a bare human hand will contact the sensor array, an electric 

field shielding layer is required for robust interaction. An additional concern for wearable 

applications is the effect of humidity changes on capacitance. Since humidity changes are 

experienced simultaneously by all texels in an array, for wearable applications, a differential 

measurement strategy can be used to measure the change of capacitance between texels to find the 

pressure location. Another strategy is to apply a high-pass filter to remove the slow response of 

the humidity component. For further resilience to humidity changes, fabrics with lower humidity 
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sensitivity can be used, such as Kraton. These proof-of-concept results indicate the potential of our 

sensor for human-machine interface applications. 

Table 5.2: Mechanical properties of sewn fabric sensors. 

Sample 

ID 

Secant Modulus 

<40% strain 

(MPa) 

Deviation Tangent Modulus 

>60% strain 

(MPa) 

Deviation Mechanical 

Hysteresis (%) 

Deviation 

Cotton-

silver 
0.042 0.011 5.950 0.870 53.87 11.42 

Cotton-

SS 
0.039 0.002 4.000 0.300 63.77 1.66 

PET-

silver 
0.042 0.013 5.250 0.270 61.88 7.42 

PET-SS 0.055 0.012 4.800 0.090 58.92 1.87 

Kraton-

silver 
0.065 0.001 4.070 0.500 55.75 2.65 

Kraton-

SS 
0.067 0.004 3.550 0.150 54.05 0.7 

 

Table 5.3: Electromechanical properties of sewn fabric sensors. 

Sampl

e ID 

Sensiti

vity 

<50kP

a 

(pF/M

Pa) 

Deviati

on 

Sensitiv

ity 

>100kP

a 

(pF/MP

a) 

Deviati

on 

Electric

al 

Hystere

sis (%) 

Deviati

on 

Respon

se 

(n=5) 

(ms) 

Deviati

on 

Rela

x 

(n=

5) 

(ms) 

Deviati

on 

Cotton

-silver 
2.35 0.32 0.21 0.03 19.39 1.79 18 4 23 5 

Cotton

-SS 
1.63 0.25 0.15 0.05 18.39 1.91 12 6 10 5 

PET-

silver 
1.55 0.23 0.11 0.01 18.69 1.89 12 6 15 5 

PET-

SS 
0.73 0.14 0.08 0.02 21 1.86 14 3 14 3 

Krato

n-

silver 

1.27 0.18 0.25 0.03 25.32 2.53 22 4 29 4 

Krato

n-SS 
0.81 0.12 0.13 0.02 18.86 1.74 18 4 22 5 
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Table 5.4: Summary of Advantages, Disadvantages and Example Applications of different materials used. 

Materials Advantages Disadvantages Example Applications 

Dielectric 

Fabric 

Cotton Interlock 

Knit 

- Higher pressure 

sensitivity in the 

first linear region 

(<50kPa) 

- Higher humidity 

sensitivity 

 

- High sensitivity and 

extended precision 

for pressure sensing 

- Humidity sensing 

- Glove touch sensor 

- Object manipulation 

sensor 

PET Interlock Knit 
- Faster liquid 

absorption 

- Lower pressure 

sensitivity in the 

second linear 

region (<100kPa) 

- Higher pressure 

dynamic range 

attenuation 

- Wetness sensing 

Kraton Meltblown 

Nonwoven 

- Higher pressure 

sensitivity in the 

second linear 

region when 

combined with 

Silver yarn 

(<100kPa) 

- Lowest initial 

pressure baseline 

shift 

- Lower pressure 

response/relaxation 

time 

- Slower liquid 

absorption 

- Lowest humidity 

sensitivity 

- High pressure 

sensing 

- Insole/prosthetic 

pressure sensor 

Electrode Yarn 

Silver Polyamide 

- Higher pressure 

sensitivity overall 

- Faster liquid 

absorption 

- Lower pressure 

response/relaxation 

time 

- Higher pressure 

dynamic range 

attenuation 

- Pressure and 

wetness sensing 

SS 

- Higher pressure 

response/relaxation 

time 

- Lower pressure 

dynamic range 

attenuation 

- Lower pressure 

sensitivity 

- Slower liquid 

absorption 

- Higher precision in 

fast pressure change 

applications 

- Accuracy in 

extended pressure 

cycle applications 
 

5.6 Conclusion  

In this study, we presented an easy-to-manufacture, tunable, fully-textile sensor system 

capable of detecting pressure, humidity, and wetness. The pressure and humidity sensing principle 

is based on conductive yarns orthogonally sewn into a dielectric fabric, thus forming a capacitive 

sensor at each texel. Additionally, wetness could be detected according to changes in the resistance 

between neighboring texels. To demonstrate the tunable nature of our sensing principle, we 
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compared the use of various commercially available conductive yarns and fabrics on the sensor 

response. Extensive mechanical and electrical evaluation revealed unique advantages and 

disadvantages of various conductive yarn and fabric combinations which can be extended to other 

newly emerging materials. The pressure sensing results indicated that the use of silver yarn in the 

sensor increased the overall sensitivity and decreased the response/relaxation time. Sensors 

containing a dielectric layer consisting of cotton yielded a higher pressure sensitivity in the first 

linear range while the Kraton-silver combination performed the best in the second linear range. 

For humidity sensing, the cotton dielectric sample showed the highest sensitivity and the Kraton 

fabric showed the least sensitivity. The wetness sensing tests revealed that the sensors made with 

PET dielectric fabric and the sensors made with silver yarn had the fastest absorption time as 

compared to other fabrics and yarns used. Finally, we presented two proof of concept 

demonstration where the presented pressure sensing mechanism was used for potential human-

machine interface applications including a pressure sensing mat array and a smart glove capable 

of controlling a wireless drone.  
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CHAPTER 6: Limb-Prosthetic Interface Monitoring with Textile Pressure Sensors 

6.1 Introduction 

The chapters above introduced three sensing methods for measuring important parameters 

that determine poor socket fit in the limb-socket interface. The advantages and disadvantages of 

the sensing methods are presented in Figure 5. The sensing method introduced in section 3 

explored functionalizing the liner layer for compressive and shear stress sensing. Although this 

method solved a very interesting physical sensing problem, many other problems and challenges 

remained for in-vivo integration. Section 4 introduced a non-contact capacitive sensing method to 

measure contact pressures as well as air-gaps in an interface. This sensor was integrated into a 

shoe insole to detect loose fitting. Even though we solved the integration problems for this method, 

there were environmental aggressors that effected sensor response like humidity and sweat. More 

studies were required to decouple the sensor response from these aggressors. In Section 5, we 

introduced the textile seamline sensing method to measure pressure, wetness and humidity. This 

idea was much more mature in that, we solved the integration challenges and experimented with 

various materials to decouple the effects of humidity and wetness on the pressure sensitivity.  
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Figure 6.1: Radar chart comparison of the three sensing methods presented in this dissertation. Printed 

sensor, noncontact sensor and textile sensor refer to the sensors described in Chapter 3, Chapter 4 and 

Chapter 5 respectively.  

In this section, we explain our efforts at taking the textile seamline sensors to the next level 

by making instrumentation for multi-array sensing and testing the sensor in artificial limb, able 

bodied and amputee testing.   

6.2 System Design  

The system described in this section is the final system after it went through the artificial 

limb and able-bodied testing mentioned in the later sections. It includes four sensor arrays each 

containing nine pressure sensing texels. The system is designed as a standalone Bluetooth system 

with optional onboard data collection on a micro-SD card. The system can also be connected to a 

computer using a USB cable for data collection.  

The main features of the system are listed below: 

• Four sensor arrays made with Kraton material 

• Novel textile interconnect to reduce encumbrance and increase flexibility 

• Novel thread to PCB connections using vias and Z-axis tape 
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• Analog to Digital Converter (ADC) PCB digitizes the vulnerable sensor values before 

transmission 

• Active shielding all around the sensor array and interconnect diminishes electric field noise 

• Up to four sensor arrays can be connected to the system for pressure measurements in 

different anatomical locations  

• Sensor arrays can be connected on any connection on the data collection PCB to ease 

usability 

• Sensor array parallelizing for faster sampling rate 

• Low-power enabling 12 hours of data collection with a small battery 

• USB and Bluetooth transmission 

• Micro-SD card storing option 

• Real-time data visualization for rapid sensor validation 

• Augmentation of custom calibration test setup to enable fast data collection for analysis 
 

 

Figure 6.2: System design and instrumentation. Sensor fabrication and analog to digital converter 

instrumentation (a). Sensor electric field shielding (b). Data collection PCB with four shielded sensor arrays 

(c). 

Sensor Fabrication: Given the robust and humidity/wetness resistant nature of the Kraton 

materials indicated by the results in section 5, we decided to use the Kraton material as the 

dielectric fabric of the sensor arrays. Nine texels were fabricated with 6 silver-plated shieldex 

threads. The pitch for the rows and columns were 1 cm. Each sensor array was fabricated the same 

way using the same stitching machine as described in section 5.  
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Thread Interconnect: The sensor arrays were designed to measure the pressure of specific lower-

limb anatomical locations like the kick point, patellar tendon and popliteal depression. Depending 

on the socket, these locations could be up to 12 inches inside the socket. To place the sensors inside 

the socket while minimizing encumbrance, we used the same thread and dielectric material for 

sensor fabrication and sensor interconnect. As seen in Figure 6.2a, the row and column sensor 

threads are stitched onto the Kraton material with a grounding thread in the middle as the thread 

interconnect. The grounding thread in the middle was integrated to reduce crosstalk and 

capacitance between the closest row/column threads. The thread interconnect had the same 

thickness and compliance as the sensor, therefore it did not create an additional encumbrance and 

was a reliable way to connect to the sensor. 

Interconnect to PCB Connection: A major issue with the other sensing types that we explored 

was the connection method to the instrumentation PCBs. The threads used for the textile project 

enabled reliable connections because they could be manipulated like wires to be connected to 

different locations on a PCB. We achieved the connections to the Analog to Digital Converter 

(ADC) PCB using vias for alignment and connection pads covered with Z-axis tape (3M 9703, 

Saint Paul MN) for robust electrical connections, Figure 6.2a. To guide the conductive silver-

plated yarn through the vias, we used guide threads that were tied to the conductive yarn, Figure 

6.2a.   

Analog to Digital Converter (ADC) PCB: The ADC PCB is a custom designed PCB that is 

responsible for converting the capacitance of the sensor array to digital signals for reliable 

transmission. We decided to place the ADC PCB as close to the sensor as possible to reduce the 

effects of electric field noise on the vulnerable capacitance signal of the sensor array. Therefore, 

the ADC PCB is placed outside the socket at the end of the thread interconnects. The ADC PCB 
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contains thread connections to three rows, three columns and one ground.  The main components 

of the PCB include a capacitance to digital converter with a built-in multiplexer (Analog Devices 

AD7142, Boston, MA) and a quad analog switch (Analog Devices ADG788, Boston, MA) for row 

selection. A unique address for each ADC PCB is determined by two passive address resistors. 

The ADC PCB connects to the main data collection PCB using parlex flat cables. Each ADC PCB 

is controlled using seven digital pins from the main PCB namely, 2x I2C connection pins, Ground, 

Power and 3x row selection pins. Aside from the address select resistors, the ADC PCB designs 

for each sensor array was the same.  

Active Electric Field Shielding: As the basic sensing principle, capacitance is defined as the 

ability of an electrical device to hold energy in the form of an electric field. There are multiple 

parameters that alter this electric field as defined by the capacitance equation. The basic equation 

that defines the total capacitance is C=eA/d where e is the dielectric constant, A is the area between 

the two electrodes that make up the capacitor and d is the distance between those electrodes. The 

change in dielectric constant and distance parameters due to a mechanical pressure allows for 

measuring the pressure from changes in capacitance. The capacitance also changes from 

environmental aggressors, such as proximity of another object with a different dielectric constant, 

proximity of a conductive object like a human limb which shunt some of the electric field from 

the capacitor and the presence of external electric fields (e.g., from a running AC motor). Other 

factors that affect the final capacitance in an unshielded capacitive sensor are crosstalk between 

two sensor arrays and the thread interconnect bending.  

To remove the effects of environmental aggressors on the sensor, we covered the entire 

sensor assemble including the thread interconnect with a conductive fabric (MOS Equipment Titan 

RF Faraday Fabric, copper nickel coated polyester fabric, Santa Barbara CA) to form a faraday 
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cage, Figure 6.2b. The faraday fabric is adhered to the sensor using a double-sided adhesive (3M 

Scotch 34-8517-0998-9, Saint Paul MN). We tested passive and active shielding and decided to 

use active shielding for the outer faraday cage fabric due to a larger sensing range. The final system 

removed the effects of proximity of conductive and nonconductive objects and other 

environmental noise from the sensor readings. Shielding also limited the crosstalk between the 

sensor arrays and the effect of thread interconnect bending.  

Parallelizing to Improve Sampling Rate: One limitation of capacitive sensing is that the 

sampling rates are slower than resistive, optical and piezoelectric sensing. This is mainly due to 

the need for charging and discharging the capacitor for measurements. The sampling rate for the 

fastest capacitance digitizer chips go up to about 600Hz for a single capacitor (Analog Devices 

AD7142, Boston, MA). For nine pixels, the sampling rate drops to 66Hz and for four sensor arrays 

the sampling rate goes down to 5Hz. While still fast, this number is below the 50Hz sampling rate 

of the commercial Pliance system (Novel GmbH, Pliance Hand/palm Elastic Sensor ES-FE-64-

EL10, Munich Germany) and might not be able to measure the dynamic temporal features of inner 

socket pressures during walking and running. To improve the sampling rate, we parallelized the 

sequential sensor array measurements. Instead of using a single ADC component on the main 

board, we used discrete ADC components for each sensor array to read the capacitance values 

simultaneously. The software flow with parallelizing is as follows:  

1. Initialize each ADC PCB 

2. Select Row 1 for each sensor array 

3. Continuous while loop  

a. Read column capacitance values from each sensor array  

b. Send the capacitance values to the computer to be stored 

c. Switch the row selector to the next row 

d. Repeat 
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This software flow allows us to parallelize the capacitance measurements from each ADC 

PCB thus speeding up the sampling rate to 20 Hz which is four times faster than the sequential 

measurements.  

Data Collection PCB: The data collection PCB is a custom PCB that runs the main software to 

collect the digitized capacitance values from each ADC PCB, stores the data on the micro-sd card 

or transmit it to the computer via Bluetooth or USB. The data collection and transmission are 

handled by a Bluetooth enabled microcontroller module (Simblee RFD77001, Hermosa Valley 

CA). Up to four ADC PCBs can be connected to a single data collection PCB with parlex flat 

cables. The data collection PCB also has an input channel to receive a synchronization trigger 

signal from an external experimental setup such as a motion capture system to align the datasets. 

It’s important to mention that the ADC PCBs can be connected to any of the ports on the data 

collection PCB which allows for ease of use in a final consumer application. For reliability, all 

experimental data in this section were collected with USB connection. The data collection board 

and shielded sensors are shown in Figure 6.2b. 

Power Consumption and Battery Life: We performed a power consumption analysis of our 

system at the fastest sampling rate. The current draw breakdown was measured to be 1.2mA for 

each sensor array and 6mA for the rest of the system excluding the SD card. The SD card power 

consumption was not measured but the typical power consumption is about 30mA. With four 

sensor arrays and an SD card, the current consumption is 40.8mA. This means that with a small 

sized 500mAh LiPo battery, the entire system can collect data for about 12 hours before needing 

to be recharged.    

Calibration of Sensor Arrays: For rapid sensor calibrations, we augmented the testbed presented 

in chapter 2 to calibrate all pixels of a sensor array at the same time. The test setup applies the 
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same pressure cycle on all pixels and collects the synchronized applied pressure and capacitance 

output data into a csv file. To ensure that the same pressure was applied on all pixels, we cycled 

the pressure from 1kpa to 150kpa. This initial pressure ensured that any uneven thicknesses on the 

sample were compressed before the data recording started. The five cycles data between the 10th 

and the 15th cycles were fitted with an exponential trendline. This exponential trendline function 

was used to convert capacitance to pressure.  

Real-Time data visualization: During our experiments, we found that real-time data visualization 

was a significant factor for rapidly verifying sensors before experiments. For this, we wrote a 

MATLAB program to receive the transmitted capacitance values and plot it in real time. The typical 

experiment started with testing of each sensor array before and after the integration into the socket 

interface. This validation step helped us visualize the sensor response to mechanical stimulus, 

saving us time by identifying failure modes before lengthy experiments.    

6.3 Inner-Socket Quality Monitoring 

Amputee subject experiments are costly and limited in time. Therefore, we came up with 

two preliminary experiments to validate the sensors and the data collection system before amputee 

experiments. These preliminary tests also gave us more time and the freedom to experiment with 

the socket-interface and finalize an experimental protocol to use during amputee experiments. The 

three-step experimental procedure can be seen in Figure 6.3. The first preliminary test made use 

of a custom artificial limb with a plaster representing the residual limb. The second test made use 

of a bent-knee adapter to help us understand the interface that had a real human tissue on one side. 

The final test is the amputee testing where a real amputee came in to test the system.  

The main objectives during these experiments were:  

• (Artificial Limb) Test the durability of sensor and electronics in the limb-prosthetic 

interface without recruiting subjects 
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• (Able-bodied Experiment) Test the sensor response against the human tissue 

• (Artificial Limb and Able-bodied Experiments) Measure sensor response (relative 

capacitance) for a general mechanical stimulation (different angles, weight shifting, 

walking)   

• (Artificial Limb and Able-bodied Experiments) Comparing the pressure recordings using 

the novel sensor and seamline sensor in a location of interest found using novel.  

• (Amputee Experiment) Test sensor in different anatomical locations.  

 

 

During our experiments we followed the following experimental protocol to increase efficiency: 

 

Pre-Testing 

1. Electrical testing 

a. (Matlab) Connect sensors one by one, test pixel response in real-time 

b. (Python) See if sensor measurements get saved to the computer 

2. Textile Sensor calibration 

a. (Python) Collect and save a benchtop sensor baseline reading for reference 

3. Novel Pliance Sensor Prep 

4. Camera Prep 

5. Motion Capture Prep  

6. Connect the trigger cable to the data collection system and test the synchronization system 

Artificial-limb and able-bodied experiments: 

1. Find anatomical locations of interest using Novel Pliance sensor before collecting data with 

the textile sensors 

2. Mark locations to align with seamline sensors 

Amputee Testing: 

1. Touch Sensitivity Test (15 min) 

2. Place reflective markers (20 min) 

3. Locate anatomical regions of interest using clinical evaluation or Novel Pliance (40 min) 

a. Doff liner and find anatomical locations (palpation) (10 min) 

b. Take picture of locations (with measuring tape in picture) 

c. Don liner 

4. Baseline capacitance readings (30 min) 

a. Attach Seamline sensors outside of the liner to anatomical locations  

b. Take picture of sensor placement (with measuring tape in picture) 

c. (Matlab) Check every sensor in real-time 

d. (Python) Collect and save a sensor baseline for sitting 

e. Secure the interconnects and daq on the outside of the socket 

f. (Python) Collect and save a sensor baseline for standing 

5. Attach socket and secure the interconnects and daq on socket (10-15 min) 

a. Watch for any sensor displacement! 

b. (Matlab) Check every sensor response in real-time  
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6. Physical activities (20 min) 

a. (Python) Collect data for each activity  

b. Standing 

c. Weight shift Task [5 reps] (2 min) 

i. Standing in place for 5 sec then shift with timer 

d. Walking Task [1 min] (3 min)  

e. Repeat for other locations  

7. Place novel in the approximate (measured) region (5 min) 

a. Take picture of novel location 

8. Physical Activities Novel 

a. Quiet Standing (30 seconds) 

b. Weight shift Task [5 reps] (2 min) 

i. Standing in place for 5 sec then shift with timer 

c. Walking Task [1 min] (3 min)  

d. Repeat for other locations (x2)  

9. (Matlab) Plotting to see general sensor response 

 

Figure 6.3: The three-step experimental procedure involving artificial limb, able-bodied and amputee 

testing.  
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Figure 6.4: The artificial limb experiment process (a). Novel Pliance (b) and seamline (c) sensor placement 

inside the artificial limb. Comparative results from the anterior (d) and posterior (e) sensor arrays. 

 

6.3.1 Artificial Limb Testing  

Materials: The custom trans-tibial artificial limb and socket was made by a prosthetist technician 

using plaster and clear thermoplastic test socket material. The test socket was transparent and 

helped us align and monitor the sensors during the experiments. The plaster was conductive which 

represented the conductive nature of a real residual limb. The resistance of the artificial limb 

diameter was measured using medical grade electrodes and a precision LCR meter (Keysight 

AL4930AL, 1V 250Khz, Redwood CA) to be 550 ohms at the thickest point. During the 

experiments, the plaster was connected to ground to represent the shunting nature of a real residual 
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limb. The plaster-socket interface contained a silicone liner and three textile spacers which were 

removable to create more space inside the interface. The socket was connected to the prosthetic 

foot with a pylon tube.  

Experiment: During the experiments, we measured the pressure changes of certain anatomical 

regions inside the artificial limb while changing the artificial limb angle as illustrated in Figure 

6.4a. The angle of the limb was cycled in steps of 3° from -15° (back side) to +9° (front side) and 

measurements were labeled L5 to R3 representing the steps (i.e., L5 corresponded to -15°, L4 to -

12°, L3 to -9°, L0 to 0° and so on). To find the sensing regions, we used a Novel Pliance pressure 

sensor array (Novel GmbH, Pliance Hand/palm Elastic Sensor ES-FE-64-EL10, Munich 

Germany). We selected locations on the anterior and posterior side of the prosthetic limb and 

marked their location to align our seamline sensor arrays, Figure 6.4b and Figure 6.4c. During 

these experiments, the sensors were not shielded.     

Results: The most significant result from the artificial-limb experiment was the validation of the 

data collection system. The system continued to collect reliable information from the two sensor 

arrays at the same time throughout the experiment. We also validated that the thread interconnect 

was an easy way to interface the sensor. The two sensors in the experiment, continued to function 

even after the experiments. At each angle step, we collected 30 seconds of data and we cycled all 

angles three times. The noise on the sensor was surprisingly small especially since the sensor did 

not have electric field shielding. This is most likely due to the shielding properties of the artificial 

limb which can be interesting to pursue if any future sensor cannot be shielded.  

The resulting data from the Pliance sensor and the seamline sensor were plotted with 

heatmaps for comparison in Figure 6.4d and Figure 6.4e. For both sensors, the pressure increased 

for the back sensor as the angle of the setup was bent towards the back and vice/versa for the front 
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sensor. The minimum pressure measurement for the Pliance sensor was 15kPa, therefore some 

pixels showed a no response throughout the experiment. The baseline capacitance data for the 

seamline sensors at the 0° was removed from the capacitance recordings therefore there are 

negative capacitance values present for some angles. As a qualitative comparison, the general trend 

for the gradient of pressure across the novel and seamline sensor arrays were similar across the 

angles tested. This means that the seamline sensor could be used as a relative pressure sensor to 

measure the distribution of forces, but more data is required to validate this claim. The seamline 

sensors were also more sensitive in the smaller pressure ranges which might be desirable for 

sensitive regions in the socket-limb interface such as the kick point. 

6.3.2 Able-bodied Experiments 

The next step was to validate the sensor and data collection system in a more realistic limb-

socket interface. For the able-bodied experiment, we used a bent-knee adapter that had a socke- 

like interface. The main difference of this environment from the artificial limb environment is that 

it contained a real human limb and the socket was not transparent.   
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Figure 6.5: Able-bodied experiment results. Novel Pliance identification of the anatomical pressure regions 

(a). Seamline sensor placement on the liner layer. Results from the static weight-shifting (c) and dynamic 

walking (d) experiments.  
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Materials: For this experiment we used a bent-knee prosthesis adapter and a single unshielded 

seamline sensor. We used a prosthetic liner in between the human tissue and the bent-knee adapter 

to make the interface environment more realistic. The seamline sensor was attached outside the 

liner during testing. The angle and position of the bent-knee adapter were collected using an 

external optical tracking system (VICON, 100Hz, Oxford, UK). The ground reaction forces and 

moments were measured using a split-belt treadmill (Bertec Corp., 1000Hz, Columbus, OH).  A 

synchronization signal was used to synchronize the seamline sensor results, optical position 

recordings and force recordings. 

Experiment: Like the artificial limb experiments, we used the commercial pliance pressure sensor 

(Novel GmbH, Pliance Hand/palm Elastic Sensor ES-FE-64-EL10, Munich Germany) to identify 

pressure regions to measure with our seamline sensor, Figure 6.5a and Figure 6.5b. This helped us 

identify the anatomical location (patellar tendon) and ensured that we will be seeing a pressure 

distribution across the area of the sensor. We attached our seamline sensor in the identified region 

with flexible wrapping cloth as shown in Figure 6.5b. We performed two experiments with the 

seamline sensor inside the interface. The first one was a static weight shifting experiment, where 

the subject was asked to shift their weight from one leg to the other 5 times. The second experiment 

was a dynamic walking experiment where the subject was asked to walk on a treadmill for at least 

20 steps. The first experiment helped us see the effect of a full weight load on the sensor and the 

second experiment provided us with repetitive pressure cycles to understand the repeatability of 

the sensor. For the weight shifting experiments, the capacitance with a balanced wight between 

the legs was taken as the baseline and removed from the general capacitance profile. For the 

walking experiments, the minimum capacitance value in first few steps was taken as the baseline 

and removed from the capacitance response. The subject’s limb was connected to the ground port 
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of the circuit for extra shielding. We used the real-time visualization program to test the sensors 

before the real experiments.  

Results: The results from the weight shifting and walking experiments can be seen in Figure 6.5c 

and Figure 6.5d respectively. The individual texel capacitance values and the average capacitance 

values from the sensor array are given separately for the experimental results. During the weight 

shifting experiment, the subject started with a balanced weight between the legs and then applied 

pressure on the leg containing the sensor. This resulted in an increase in capacitance for the texel 

and average capacitances. The subject then balanced their weight between the two legs and 

proceeded with applying pressure to their other leg. In each step, the subject was asked to hold the 

position for five seconds. Weight shifting was repeated six times. The peaks of the weight shifting 

experiment matched and were more or less stable during the weight application and removal. The 

walking experiment provided a more repeatable response because the walking action is easier to 

repeat. The system continued to function throughout the experiment and gave repetitive results 

after the full load of the subject was applied on the sensor.  

During the walking experiment, the subject walked on the treadmill at a speed of 0.4m/s. 

The capacitance response during the walking experiment had cycles that had similar capacitance 

profiles, Figure 6.5d. This was because walking is a more repeatable action than weight shifting. 

Overall, the sensor survived the able-bodied interface environment and did not break under the 

load of the person. The sensor also gave consistent readings during the walking experiment. During 

both experiments, the capacitance response was different for each texel. It may be possible that 

this response corresponded to a pressure distribution across the area of the sensor, however, 

capacitance-pressure calibrations is needed to validate this conclusion.  
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Aligning the sensor was difficult without being able to see inside of the interface. Another 

outcome of this experiment was that we noticed that attaching the sensor on the liner helped with 

alignment. We also noticed that any air-gaps between the skin and the sensor resulted in a negative 

sensor response for unshielded sensors which meant that an unshielded sensor would need to be 

adhered well to the liner without any air-gaps for proper operation. During the two preliminary 

experiments, we noticed that unshielded interconnects are difficult to manage because of the 

exposed electrical connections and the sensitivity of the interconnect to electric field disturbances.  

6.3.3 Amputee Experiments  

A bilateral transtibial amputee was recruited for the amputee experiments. We went 

through the experimental procedure as a team multiple times and wrote down steps in detail before 

the amputee experiments.  

 

Figure 6.6: Seamline sensor placement in the prosthetic-limb interface and experiments.  

Materials: The left socket was used for our experiments. We used three shielded seamline sensors 

to collect the data. Position, angle and force response data was recorded using the optical tracking 

system (VICON, 100Hz, Oxford, UK) and the contact force sensors under the split-belt treadmill 
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(Bertec Corp., 1000Hz, Columbus, OH). A synchronization signal was used to synchronize the 

seamline sensor results, optical position recordings and force recordings. 

Experiment: The full experiment protocol is given in Section 6.3. Before the experiment, we 

performed electromechanical experiments to get calibration curves for each seamline sensor array. 

Before and after each experiment we also collected capacitance baseline values. We selected two 

pressure tolerant regions (patellar tendon and popliteal depression) and one pressure sensitive 

region (kick point) in the residual limb to perform the experiments [5]. The kick point location 

was recorded first followed by an experiment where the patellar tendon and popliteal depression 

were recorded from simultaneously. The sensors were taped to the liner and covered with a spacer 

sock. The location of the sensors as well as pictures from the two experiments can be seen in Figure 

6.6.  

We performed a static weight shifting experiment and a dynamic walking experiment for 

this study. During the static weight shifting experiments, the amputee was asked to shift weights 

between his legs with 5 second intervals. For the walking study, the amputee was asked to walk 

for one minute. For the weight shifting experiments, a balanced weight on both legs was taken as 

the baseline and removed from the capacitance readings. For the walking data, the minimum 

capacitance value in the first step was taken as the baseline and removed from the capacitance 

data.   

Results: The results of the weight shift and walking experiments can be seen in Figure 6.7 and 

Figure 6.8 respectively. The individual texel values and average values were given as figures for 

each sensor array.  

In the weight shifting experiments, as the subject applied more pressure on the leg 

containing the sensor, the capacitance values increased. There were differences between the texel 
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capacitances but it is not possible to conclude a gradient of pressure on the sensor arrays. The 

profile on the three tested sensor locations were similar to each other.  

In the walking experiments the capacitance increased as the amputee stepped with his leg 

containing the sensor. There were different responses from the different texels but it is hard to 

conclude that there was a pressure distribution on the sensor arrays. The capacitance profiles for 

the sensor arrays at different positions were also different. The kick point sensor had the highest 

capacitance change during walking and the popliteal sensor had the smallest capacitance change 

during walking. The smaller capacitance change on the patellar tendon and popliteal depression 

regions point to a tighter fit that reduces pressure changes. This aligns with the socket design goal 

of applying more pressures to the pressure tolerant regions of patellar tendon and popliteal 

depression regions. Conversely, the high capacitance change on the kick point region could be 

explained by a loose fit which is required for the pressure sensitive nature of the kick point region. 

It is hard to verify this conclusion since the capacitance-pressure calibrations were not completed.  
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Figure 6.7: Static weight-shifting experiment results from each of the sensor arrays.  
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Figure 6.8: Dynamic walking experiment results from each of the sensor arrays. 
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6.4 Remaining Challenges for Inner-Socket Sensing 

We verified that the response of the sensor system is reliable in our benchtop testbed, 

however, within the socket environment we identified some failure modes that needs to be 

addressed. In order of importance, the failure modes identified were that (1) sensor bending 

changes the sensor baseline, (2) compression on the interconnect results in a change in sensor 

readings and (3) there is a small amount of crosstalk between the sensors when they overlap. These 

failure modes keep the sensor calibrations in the socket environment a remaining challenge for 

this project. A few future directions to alleviate these problems include introducing bend regions 

similar to hinges on laptops to reduce the sensitivity of the sensor to bending (1), making the sensor 

assembly more compliant by using stretchable threads and weaving or knitting techniques to 

reduce the sensitivity to bending (1), exchanging the thread interconnect with a shielded flat cable 

to remove the sensor response to interconnect compression (2), insulating the sensor arrays to 

reduce the crosstalk (3). Overall a higher signal to noise ration would also help with the noise 

sources and this can be accomplished by increasing the sensor area (e.g., using more than one 

conductive thread for a texel or fabricating larger conductor areas through knitting or weaving). It 

is important to mention that commercial systems like Novel Pliance (Novel GmbH, Pliance 

Hand/palm Elastic Sensor ES-FE-64-EL10, Munich Germany) have hinge areas between the 

sensors and larger sensor areas to improve the signal to noise ratio (SNR).  

After each change, the sensor needs to be tested for improvements in bending response. 

Another metric to use for redesigning the sensor would be to make the individual texel responses 

to pressure as similar as possible through repeatable fabrication techniques. This would allow for 

the sensor to be used as a relative pressure sensor which will enable measuring pressure 

distributions more reliably. 
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6.5 Conclusion  

Instrumentation and in-vivo testing are essential steps for the evolution of a limb-socket 

interface sensor. In this chapter, we described in detail our accomplishments in instrumentation 

and interfacing with the textile integrated seamline sensors. Our system is capable of high-speed 

data recording and transmission from up to four sensor arrays. The low power needs enable day 

long data recordings before needing to be recharged. In this chapter, we also presented our in-vitro 

and in-vivo experimental results including the artificial-limb experiments, able-bodied 

experiments and finally the in-vivo amputee experiments. The experimental process enabled us to 

validate our data collection system and find failure modes of our sensors. The sensor and the 

connection to the rigid PCB material was found to be reliable and robust to movements during 

testing. As mentioned, failure modes such bend-response and interconnect pressure response of 

the sensor can be addressed through introducing bend regions like hinges between the sensors and 

exchanging the interconnects with shielded flat cables. These changes must always be 

accompanied by careful analysis.  
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CHAPTER 7: Conclusion and Future Work 

The biggest threat to the rehabilitation with a prosthetic limb is the loss of hope in the 

process due to a poor fitting and uncomfortable socket. The current standards of making a 

prosthetic limb are old and use very little quantified information about the fit during the design 

process. Because of this, the quality of the final socket design is highly dependent on the expertise 

of the prosthetist and subjective feedback of the amputee during testing. The subjective nature of 

this process also increases the cost to the amputee and make the whole process all the more 

unbearable. No one quantitatively knows what is going on inside the prosthetic limb when it is 

being used. Quantified insight about the tight interface can enable better designs by the prosthetists 

and allow for more accurate long-term health evaluations of the limb by doctors. Tracking of fit 

will also empower the amputees with continuous self-monitoring of fit.  

In this work, we presented three projects for limb-prosthetic interface sensing. The main 

novelty in these projects was the ability to integrate sensing without disturbing the mechanics of 

the limb-prosthetic interface. In the first project, we introduced a compressive and shear stress 

sensor that is made by functionalizing the liner layer with stencil printing. We validated this 

sensing method through benchtop methods but noticed significant integration challenges that 

halted efforts to integrate them in the socket interface. In the second project, we explained how 

noncontact capacitive sensing can be used to measure contact pressures and air-gaps in the limb-

prosthetic interface. We tested this method on benchtop and integrated it into an insole interface 

to detect a loose-fitting shoe. Although this method showed good potential to be easily integrated 

in the limb-prosthetic interface, there were environmental aggressors like humidity and wetness, 

which effected the sensor’s reliability. In the third project, we described the development of an all 

textile sensor to detect compressive stress, humidity and wetness. We also explored the sensor 
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performance effects of using different textile materials in sensor construction. This project was the 

most mature and technologically feasible because most of the failure modes had been tested, 

therefore, it was selected to be integrated in the limb-prosthetic interface.  

We improved the textile seamline sensing method by instrumenting a data collection 

system for portable data collection. We overcame multiple systems challenges such as electric 

field shielding, portable capacitance digitization, and sampling rate improvements through 

parallelization. We tested the system in benchtop and integrated them as stand-alone sensors to be 

tested in the limb-prosthetic interface. A three-step experimental setup was developed to test the 

sensors and the data collection system in the limb-prosthetic environment. In the first experiment, 

we used an artificial limb model to understand the environment and get familiar with collecting 

data. In the second experiment, we tested the system in an able-bodied experimental setup to 

understand the effects of having the human limb in the interface during sensing. In the third 

experiment, we recruited an amputee and tested the sensors in three anatomical locations.   

Throughout the experiments, the textile sensors and the data collection system continued 

to function and provide information, however, there are remaining challenges in order to realize a 

system that measures meaningful information about the limb-prosthetic interface quality. These 

challenges need to be addressed in order to achieve a fully feasible system that is built into the 

interface. First, cross mode rejection to other physical stimulus such as bending needs to be limited 

through the use of bending regions between the sensors. Second, the signal to noise ratio of the 

sensors need to be improved through different fabrication techniques. Third, the sensors need to 

be integrated into the existing materials in the interface such as the liner-liner or the spacer sock 

using 3D knitting or weaving techniques. Fourth, the design of any new capacitive sensor that will 

operate near conductive objects must include the electric field shielding to increase the probability 
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of success in final application. There are many well investigated capacitive sensing papers which 

will never become viable because of the difficulties in electric field shielding. These considerations 

will enable long term reliable sensing with technologically feasible fabrication methods.  
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