
48th International Conference on Environmental Systems ICES-2018-65 
8-12 July 2018, Albuquerque, New Mexico 

Copyright © 2018 Perception Robotics 

Polymer-Fabric Pressure Sensor for Space Suits 

Nicholas B. Wettels1, S.M. Javid Mahmoudzadeh2 and S. Patrick Marshall3 

Perception Robotics, Los Angeles, CA 90013 USA 

Benjamin J. Peters4 

NASA Johnson Space Center, Houston, TX, 77058, USA  

Perception Robotics has developed an innovative new type of compliant tactile sensing solution—a 

polymeric-textile skin (PolySkinTM) that supports a variety of mechanical properties, and is 

inherently inexpensive; durable with high signal-to-noise ratio. PolySkin is ideal as pressure sensitive 

undergarment to measure load distribution under a space suit.  It can be fabricated in thin profiles 

(~mm) and packaged sufficiently small, free of rigid or sharp points that would cause discomfort, 

and it consumes low power (~5V, ~mA).  This novel tactile sensor differentiates itself from prior 

tactile solutions as it is inexpensive to fabricate, modify the form factor and scale the resolution based 

on the application.  It is easy to mount to a variety surfaces and is mechanically, electrically and 

chemically robust. 

Here we will show results from a flat prototype sensor: force accuracy within 10%, dynamic range: 

0.1 – 100N, high repeatability (<5% error) as well as tomography algorithms that register force 

centroid – all via universal serial bus (USB) output signal to a personal computer.  Finally, a high-

level design of a fully scaled upper body garment will be presented. 

Nomenclature 

ANN = Artificial Neural Network  

EVA =  Extravehiclular Activity  

MLP = Multi-Layer Perceptron   

PDMS = Polydimethylsiloxane  

UNK = Unkown 
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I. Introduction 

MPROVING fatigue and injury during space suit design and usage is an on-going need. Providing a tool that will 

improve EVA spacesuit sizing and assess comfort, both in training and potentially on-orbit, would provide a way 

to assess suit performance and help to mitigate injury as a result of improper sizing and poor indexing.  The proposed 

sensor system, comprised of a mulri-layered elastomeric tomographic tactile sensor, provides quantitative data that 

can be used to address the challenges found in the NASA Technology Roadmap section 6.2.1 Pressure Garment to: 

“Incorporate new and innovative technologies for human-centered design, including for prediction and prevention of 

injuries.” And to “… fit a diverse set of occupants in any or all of the critical dimensions”. The data collected from 

the proposed sensor system will improve pressure garment systems by providing quantitative information on human-

spacesuit interaction. This work also addresses the “Risk of Injury and Compromised EVA Performance Due to EVA 

Operations” section of NASA’s Human Research Roadmap. This research effort primarily contributes to reducing risk 

in gap “EVA 7: How do EVA suit system design parameters affect crew health and performance in exploration 

environments?” and specifically “EVA 7B: How does suit sizing and fit affect crew health and performance in the 

exploration environments?” (NASA Space Flight Human System Standard Volume 2, 2011).  

Thus, Perception Robotics has developed an innovative new type of compliant tactile sensing solution, a polymeric 

skin (PolySkin™) that can be molded into any form factor, supports a variety of mechanical properties, and is 

inherently inexpensive and durable.  Limiting factors in prior pressure sensing applications  have been the absence of 

sensitive yet robust sensors and also the ability to disambiguate pressure from bending loads.  Prior solutions have 

often resulted in large numbers of delicate transducers and connections that are unable to survive the wear and tear of 

space suit operation. 

Our sensor system is simpler and inexpensive to manufacture compared with other flexible robotic skins that have 

emerged in research recently1.  Prior solutions have emphasized exotic, high sensitivity arrays; however, both 

commercial and NASA human spaceflight applications require robustness and user-oriented software before it will 

adopt tactile sensors in real applications.  Our sensor system takes advantage of several trends in technology 

development; its benefits include: 

 

(1) Robust, inexpensive hardware: 

a. Due to its design based on a unique molding of highly conductive rubber electrodes and less conductive 

substrate, it is possible to achieve a solution with limited wires in the workspace and it can be shaped to any 

form factor 

b. The sensors are durable and environmentally robust. Light and electromagnetic signals will not affect the 

sensors’ performance.   

c. Components are all inexpensive and readily available. 

(2) Variable mechanical properties:  

a. Properties such as hardness and tensile strength can be easily tailored.  

(3) Increased computing power at low cost:  

a. The sensor is simple, but its non-linear output requires interpretive software which is becoming 

increasingly cost-effective to implement on readily available microprocessors. 

The original purpose of PolySkin is to be incorporated onto robotic grippers or other surfaces to provide robots with 

an accurate sense of touch.  As this system is made of conductive rubber layers only, this would not be amenable as a 

garment.  Thus, we have modified some of the layers and construction methods using textiles to make a user-friendly 

fabric composite.  We fabricated a flat prototype of our novel tactile sensor using a scalable manufacturing process.  

We then characterized and optimized the elastomer formulation to achieve desired properties: accuracy within 10%, 

dynamic range: 0.1 to 100N, and high repeatability (<5% error). We have built conditioning electronics to provide 

serial output signal through a USB port.  After passing initial test, calibration, and validation, the conditioning 

electronics were used to test in-sleeve embedded sensor. In a final proofofconcept milestone, we fabricated a working 

prototype wearable sleeve embedded with PolySkin to validate the performance.  The ultimate goal of this research is 

a sensorized upper-body garment, worn under a space suit to mechanically characterize the normal force loads between 

the suit and astronaut.   

 

I 
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II. Background and Competition 

The sensor functions via piezoresistive transduction as five layers of internal material are compressed.  The outer 

two layers function as power and ground.  The middle layer is a flexible, resistive polymer unit with a grid of highly 

conductive thread sewn into it.  The single grid layer is the largest differentiating factor between this and other 

contemporary tactile sensing solutions.  

  The remaining two layers are resistive buffers between power, ground and the grid.  As compressive pressure is 

applied to the two layers, the contact area between the two and current proportional to the pressure applied will conduct 

through the two layers.  By measuring voltage changes from the distributed grid electrodes, load and location can be 

extracted from contacting objects.  The proposed design schematic is illustrated in Figure 1. . 

 

 
Figure 1: Sensor construct with each of the constituent layers. The image is not drawn to scale. Each sensor 

component layer is about 1mm to 2mm in thickness.  

 

Previous efforts have been made at textile-based large tactile sensors such as  Büscher (2015), Pan (2005), Inaba 

(1996), Bhattacharjee (2013), Capiner (2014), Ohmukai (2012), Suen (2016), Xiaohui (2016) , where resistive  

(Büscher (2015) – Suen (2016))or capacitive (Xiaohui (2016)) layers can be made of conductive rubber sheet, knits, 

weaves or other textile configurations, each having advantages and disadvantages on performance. Our design is 

closest to Büscher (2015) - Capiner (2014)in that they describe layers of conductive fabric in layers with non-

conductive separation elements.  Capiner (2014) also describes using a grid of sensing elements but the electronics 

structure and measurement scheme is not elaborated upon; many of the other technologies do not use a single sensing 

element with a grid to resolve location, but rather discrete conjoined sensors which complicates the manufacturing 

process.  Our design differs from others not necessarily in the construction of the sensing device, but the integration 

of the sensing grid to resolve location and how the electronics and interpretive algorithms generate a pressure map.   

A. Tactile Sensors 

Companies with tactile and/ or force sensors in the industrial automation market include Weiss Robotics, Tekscan, 

Pressure Profile Systems, and Peratech. All of these sensors are simple pressure sensors; most of them are not sensitive 

to shear stress or they cannot distinguish between shear and normal forces. A variety of commercial tactile sensing 

solutions are on the market falling between those with less precise sensing properties but low-cost (e.g. FlexiForce by 

Tekscan) to the exotic and quality, but very expensive (e.g. BioTac by SynTouch).  One trend has been towards high 

density populations of micro-electro-mechanical systems (MEMS) devices, etched onto a silicon substrate.  Most of 

these MEMS sensors10 provide sufficient resolution and sensitivity, but lack the robustness for many applications 

outside the laboratory either because of the difficulty of mounting stiff silicon substrates on curved body parts or the 

large number of electrical connections “in harm’s way,” or both.  Table 1 captures a representative sample of 

commercial sensors as compared to PolySkin, i.e. the vendors that employ similar garment-compatible material, e.g. 

elastomer and fabric-based components.  Review articles on the variety of academic tactile sensors can be found in 

Nicholls (1989) – Dahiya (2010) and also Gioberto (2012). 
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Table 1. Summary of Commercially Available Tactile Sensors (mixed units appear as data are drawn directly 

from manufacturer’s websites 

Sensor Name 
Pressure  

Range 

Repeata

bility 
Linearity Accuracy Hysteresis 

Contact  

Surface  

Material 

Sensor 

Thickness 
Cost 

Modular 

Form 

Factor 

PolySkin 
Variable 

(.1 – 100N) 
2.5% TBD >90% <5% 

Conducti

ve 

Silicone/ 

Polyureth

ane 

Var. TBD Yes 

OptoForce-

OMD-20-SE-

40N 

40N(Fz),  

10N (Fxy) 
N/A 98% N/A 2% N/A 

16 

mm 
$1k No 

FlexiForce® 

A301 

7, 180 or 

720 kPa 
2.5% 97% N/A 4.5% N/A 0.20mm $15 No 

Tekscan- BPMS 

5315 
648kPa N/A N/A N/A N/A N/A 

0.1 

mm 
$21k No 

PPS - 

Conformable 

TactArray 

System 

3, 20 or 75 

PSI 
0.35% 99.8% 98% N/A 

Conducti

ve Cloth 

1 

mm 
$5k No 

PPS – 

Stretchable 

TactArray 

System 

10 or 30 PSI 0.30% 99.8% 98% N/A Spandex 
3 

mm 
$6k No 

First Sensor K-

Series STARe 

A/G 

6 kPa -  

40 MPa  
N/A 99% N/A 0.1%  Silicon 

0.1 

mm 
Unk No 

TakkStrip 

(TakkTile 

Sensors) 

50kPa-

150kPa 
N/A 99% 99% N/A 

VytaFlex 

20 

Rubber 

3.5 

mm 
$149 Yes 

SingleTact 
5kPa-

636kPa 
1.0%  98% N/A 4.0% 

Polyimid

e 

0.35 

mm 
Unk No 

SynTouch -  

BioTac SP 
100 kPa  N/A N/A N/A N/A 

Silicone 

Elastomer 

10 

mm 
$15k No 

Novel emed® 

A50 

10kPa – 

1270kPa 
N/A N/A 7% 3% Silicone 15.5mm $27k Yes 

B. Garment Systems 

Previous works have investigated methods for assessing suit characteristics using sensor systems inside the 

spacesuit, but these have faced various shortcomings. Matty and Aitchison discuss a method in which a dynamometer 

is used to characterize suit joint torque-angle relationships in an occupied suit14. Aitchison presents a comparison of 

two methods for assessing suited range of motion, in which the range of motion of an occupied suit is determined 

using either photography or three-dimensional motion capture. However, these methods evaluate the human-suit 

system as a whole, and are unable to characterize the dynamics between the human and the suit and the kinematics of 

the wearer within the suit, both of which are of interest in addressing the question of spacesuit injury15. Parry et al. 

propose a method of robotic testing of spacesuits using instrumented dummies16, and Schmidt et al. and Meyen et al. 

present experimental investigations of using a robotic spacesuit tester to characterize joint torque-angle relationships17-

18.  Anderson developed a wearable multi-sensor system in conjunction with Hilbert and Bertrand with the goal of 

providing insight on spacesuit injury mechanisms19-24. 
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III. Methods  

Here we describe the 3 main steps of this work: 1) Sensor fabrication & characterization, 2) Electronics 

development and communication and finally 3) Construction and calibration of the sleeve-shaped prototype. 

A. Sensor Fabrication 

The sensors25 are constructed from five layers of material: a core elastomeric middle layer that contains one or 

more measurement electrodes, two intermediate layers of resistive fabric (Eeonyx, ~2 k-ohms/ sq. inch) on either side 

to isolate the measurement layer from the highly conductive power and ground electrodes (silver plated nylon).  These 

layers are then sewn together to complete the sensor.  To explore modulating the sensor behavior, 3 variations on the 

middle and intermediate layers were tested: 

1. Fabric-polymer intermediate layers (3 types): Stretchable Eeonyx, Non-Stretchable Eeonyx, elastomer-only 

layer 

2. Elastomeric middle layer (3 types): TC5041, SmoothSil 960, DragonSkin 30 

As such, 9 sensors configurations were fabricated: 

• TC5041 Stretchable, Non-Stretchable Sensor and Elastomer-only 

• DragonSkin 30 Stretchable, Non-Stretchable Sensor and Elastomer-only 

• SmoothSil 960 Stretchable, Non-Stretchable Sensor and Elastomer-only 

This choice of elastomer was based on the distinct hardness of each elastomer that ultimately affect the structural 

integrity of the final sensor. DragonSkin 30, TC5041, and SmoothSil 960 each have hardness of 30A, 45A, 60A, 

respectively. It needs to be noted that the human skin has a hardness of 20 A to 50A, which is within the hardness of 

the elastomers chosen.  The schematics of the sensors construction with the elastomeric/Eeonyx layer is illustrated in 

Figure 1, where the relative location of the sensor with respect to astronaut’s body and the spacesuit is also depicted. 

It should be noted that the proposed sensor construction performs well without the pressure-sensitive Eeonyx material 

layer. Through anecdotal experiments, we found that adding the extra layer of piezo-resistive fabric further amplifies 

the output signal of our sensor. We hypothesize that both piezo-resistive fabric and piezo-resitive elastomer layer 

function in the same mode during the loading event and, as a result, compliment each other’s performance, while 

keeping the rest of the unloaded sensor area at a stable resistance and thereby improve the sensor functionality. The 

level improvement is not well characterized and will be examined in future work. 

The sensor contains three basic measurement values: An X-plane coordinate, a Y-plane coordinate, and a force 

value. The combination of these three give us a position of a quantifiable force. In order to gather these values, we 

needed a grid of conductive leads and two measurement planes. Figure 2 shows the basic construction of the sensor 

components (only depicted as single layer). 

 
Figure 2: Single layer construction of sensor. Does not include force measurement. 
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Seen in Figure 2, the blue layer is our proprietary rubber blend. On each side, three leads are in contact with this 

layer, together creating a grid system that allows us to distinguish position. The silver layer acts as our X or Y plane 

measurement probe. Separating the conductive leads is a minimally conductive layering to prevent shortages between 

leads and measurement probes. Although not depicted in the figure, the sensor will contain two sets of the silver plane 

measurement probe and minimally conductive dividing layer. All of these layers together allow us to accurately 

measure position and force.   

Construction of the spacesuit sensor begins with doping the two-part silicone elastomer with carbon black, 

multiwall carbon nanotubes, and n-heptane, which swells the silicone polymer network creating a better mixing 

environment. After the silicone is doped with the conductive filler, it is ready to be pressed into a sheet. First, 

nonconductive, two-way stretchable mesh fabric, which when combined with cured silicone creates a more robust 

elastomer sheet, is secured down to a sheet of Low Density Polyethylene (LDPE) transparency. The uncured, 

conductive silicone elastomer is pressed into place at the top side of transparency and mesh fabric. A second layer of 

transparency is placed over this early stage composite and fed through a slip roller, adjusting the height of the top 

roller each time until the desired thickness is reached, i.e. smallest allowable thickness set by slip roller, LDPE 

transparency, and the stretchable mesh fabric. The sheet of the conductive silicone composite is allowed to cure at 

elevated temperature (Figure 3). 

 

 
Figure 3: Sensor fabrication procedure. Left) conductive elastomer composite between LDPE transparency, 

middle) sheet rolling, and right) cured composite elastomer sheet. The slip roller’s width is 30.5 cm. 

 

Upon curing, the composite elastomer sheet is cut into shape and checkered electrode patterns are drawn onto the 

top and bottom surfaces. A conductive thread is placed over its designated pattern which is then sewn over with non-

conductive thread to secure into place. Nonwoven Eeonyx is cut twice into the same shape as the electrode covered 

sheet of conductive silicone elastomer. The Eeonyx material is placed over both sides of the sensor and sewn around 

the perimeter. Additionally, two pieces of silver coated nylon fabric are cut into the same shape, but with extra tabs 

being left on to allow for the electrical connections. The perimeter sewing is repeated with the silver coated nylon 

fabric, yielding a completed spacesuit sensor, shown in Figure 4. 

 

 
Figure 4: left) conductive thread electrodes sewn into the conductive elastomer, middle) sewing the Eeonyx 

layer, and right) sewing of the silver coated nylon fabric. 
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B. Sensor Characterization 

Performance of the proposed sensing technology was assessed by the following features: Spatial Discrimination, 

Dynamic Range, Repeatability, Hysteresis, and Calibration Error.  All experiments were performed using an 

automated single-axis test setup that employs an accurate stepper motor for displacement-controlled experiments 

along with a six-axis load cell (ATI Automation, Gamma SI-32-2.5) interfaced with a National Instrument data 

acquisition card (NI USB-6218).  Data acquisition of the two sensing modes depicted in Figure 6 will be multiplexed 

for “simultaneous” acquisition in a field-ready unit.  In lieu of these electronics we perform these measurements 

separately with our bench-top NI USB-6218. 

The characterization setup is depicted in Figure 5. During the experiments, the sensor sample is load and unloaded 

multiple times using multiple 3D printed probes to evaluate sensor’s sensitivity to probing geometry and localized 

loading. These probes are also depicted in Figure 5. Note that the curved probe (Figure 5 bottom right, 7mm radius of 

curvature) is used for localized loading experiments and the flat probe (Figure 5 top right) is used for distributed 

loading experiments. The material used for 3D printing the probes is STRATASYS ABS-P430. Signal output of the 

sensor during the loading and unloading was recorded along with the forces recorded by the 6-degree-of-freedom load 

cell for post processing and analysis.   

 
Figure 5: Left) Single-Axis motorized characterization test jig. Right Top) flat probe and, Right Bottom) curved 

probe with 7mm radius of curvature.  

 

1. Spatial Discrimination:  

Experiments were performed by marching the probe along the centerline of the sensor from the power electrode 

to the ground electrode with 5mm incremental steps on the SmoothSil 960 Non-Stretchable Sensor. The voltage output 

of the sensor and the force detected by the load cell were recorded for post processing. The data acquisition 

configuration for this sensor mode is illustrated in Figure 17. Note that these tests were performed with localized 

loadings using the curved probe. At each test location, the sensor was loaded from 0 to 100 N and sensor’s response 

signal was extracted thereafter.   

 
Figure 6: Sensor data acquisition wiring schematic for spatial discrimination mode (left) and for the load 

magnitude measurement mode (right).  A 100Ω resistor is used for the second mode voltage division circuitry. 
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2. Dynamic Range:  

The sensor’s ability to detect a full range of loads was assessed by applying an increasing continuous load curve 

and recording the sensor’s voltage output. For comprehensiveness, the test was performed on SmoothSil 960, TC5041, 

and DragonSkin 30 Non-Stretchable sensors.  

 

3. Sensitivity Measurement:  

 The goal of this experiment is to evaluate at what load level a sensor signal emerges from noise when under 

deflection with a probe (Fig. 5).  A signal emerging is considered 2 standard deviations above noise (e.g. total 

quantization, plus thermal and environmental noise, no long time contant effects such as various forms of drift). 

C. Conditioning electronics  

 

 
Figure 7: Wired electronics block diagram 

 

The proposed board delivers a frame of data (19 measurements) at 25 Hz.  A frame consists of 3 concatenated 

parts: 1) Force and location measurement: 16 measurements from each stainless-steel thread electrode and 1 from the 

measurement resistor; 2) X centroid refinement: measurement from top mesh while power and ground and in bottom 

electrodes 1 through 8; 3) Y centroid refinement: measurement from bottom mesh while power and ground and in top 

electrodes 1 through 5.  The additional electrodes are not used in this study, but lay the groundwork for advanaced 

tomography techniques (highlighted in the Discussion section). 

 

D. Sleeve Sensor 

1. Construction 

Constructed similarly to the square sensors, a larger transparency is used to create a scaled-up sheet of conductive 

elastomer composite necessary for fitting over the entirety of the forearm. The larger composite sheet is rolled out and 

subsequently cured in the electric oven at 60 C for 20 minutes.  The forearm dimensions are measured and the sheet 
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is then cut into shape. This forearm sleeve has minimal stretch to it. Therefore, customized measurements are required 

for each test subject in order to best characterize in-suit movements.  

Electrodes are sewn onto each side of the conductive sheet, forming the electrode grid pattern (Figure 8, left). In 

the future versions of this garment sensor, the density of this grid will depend on the body area being measured. For 

the purposes of this report, the grid spacing is 6 cm2 in both X and Y directions. Eeonyx and Silver coated nylon fabric 

are both cut out into the same shape as the elastomer sheet with electrode pattern sewn on. These two fabrics are 

layered appropriately and sewn around the perimeter to construct the final five layered sensor sleeve (Figure 8, middle 

and right).  

 

 
Figure 8: Construction steps of the deliverable sleeve Unit. Left) sewn electrodes on the conductive elastomer 

middle layer, Middle) Eeonyx sewn on both side on the electrode grid, and right) the conductive probe planes 

covering the Eeonyx layer as the final step.  

 

Because this sleeve will be worn against the body, the sensor interior is covered by a layer of stretchable spandex 

mesh so as to create a comfort barrier between the sensor and the skin. The spandex comfort layering is cut larger than 

the sensor (1 cm of additional radial width) and sewn twice, once onto the radial edges of the sensor; the sensor is 

shaped into a sleeve where a seam is sewn along the outer edge of spandex material. The extra spandex material allows 

the sleeve to expand, fitting larger forearms and increasing surface contact against the skin, resembling a compression 

sleeve. Note that the sleeve itself does not stretch. The seam material stretchability mimics the tight fit of a 

compression sleeve.  

 

2. Sleeve Calibration 

Because the SmoothSil 960 Non-Stretchable configuration is well characterized for repeatability and hysteresis of 

the sensor, the experiments were focused on characterizing the fabricated sleeve’s spatial discrimination, calibration 

error, and also to modulate the sleeve’s behavior when it is mounted on the forearm. 

Knowing the sensor output would be non-linear, we chose to use a 3-layer MLP to compensate.  ANNs are able to 

cope with the non-linear response of the sensor during contact events.  We anticipate faithful representation of normal 

forces because the elastomer will deform like a spring in the normal direction. The ANN used here is a three-layer 

back-propagation perceptron using a manually constructed C library. First, we construct a linear combination of N 

input variables (Eqn. 1): 

𝐴𝑗 =  ∑ 𝑊𝑗𝑖  𝑋𝑖 + 𝑊𝑗0
𝑁
𝑖=1               (1) 

where parameters Wji refer to the weights and Wj0 refers to the biases of the activation function Aj. These M basis 

function outputs are linearly combined to form the K outputs for which the system was trained: 

𝐴𝑘 =  ∑ 𝑊𝑘𝑗𝑍𝑗 + 𝑊𝑘0
𝑀
𝑗=1                              (2) 

We use the Matlab Neural Network toolbox employs the Levenberg-Marquardt back-propagation algorithm to 

tune the weights and biases of the ANN. Prior to training, the primary data sets were divided into three sets: 1) a 

working set (70%), 2) a validation set consisting of 15% of randomly chosen data to prevent over-fitting; and 3) a test 

set of 15% randomly chosen data used to measure the ANN’s ability to generalize after training.  Figure 9 shows the 

results of a 1-5-1 (one input layer, 5 hidden layers, 1 output layer) force approximation versus “ground truth” (load 

cell).  Data were gathered by pressing in the four corners and center of the device. 
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3. Spatial Discrimination:  

The in-sleeve embedded sensor was tested for spatial discrimination accuracy with the automated single-axis test 

jig shown Figure 5. The probing was performed in 20mm incremental steps in the axial direction and 40mm 

incremental steps in the azimuthal direction (ϴ direction around the arm when the unit is worn), shown in Figure 9. 

The results of these tests are illustrated in Figure 9.  

It is important to note that the spatial discrimination performance of the sensor degrades non-linearly as one 

approaches the center of the device.  Near the edges, the the location readings are clear and  correlate with the 

expectation of the sensor signals, e.g. clear positive signal in the vicinity of the power electrode, strong negative signal 

in the vicinity of the ground electrode (positive and negative refer to the change in signal, not its absolute value).  

However, near the mid-point the response is near zero.  To precisely “view” these data, further filtering and 

amplification will be required. 

 
Figure 9: Characterization test zones and the loading locations (red Xs, with associated X, Y coordinates – 

borders in red) 

IV. Results 

Overall sensor performance was on par with the desired metrics (Table 2); results are presented below.  

Characterization experiment results revealed a non-stretchable sensor construction with SmoothSil 960 (Smooth-On, 

Hardness 60A) produced the best results for our test metrics out of all 9 sample constructions previously discussed. 

10 consecutive loading/unloading cycles were performed to characterize the sensors for repeatability and hysteresis. 

Repetability is defined as the average diffrenece between the area under the loading/unloading curves across all 

loading events. Hysteresis is the average difference between the area of the loading/unloading events across all 

consecutive cycles.  Calibration error is defined as the % error of the device versus ground truth measurements 

following calibration. Characterization experiments were performed under 63% humidity and 25° C environmental 

conditions.   

 

Table 2: Sensor key parameters.  

Metric Goal Actual 

Dynamic Range 0.1 – 100N 0.1 - >100N 

Repeatability < 5% 7.7% ±2.2% 

Hysteresis < 5% 10.5%±3.0 

Accuracy / Calibration Error < 10% 2.9% 
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A. Sensor Characterization 

1. Spatial Discrimination:  

Experiments were performed by marching the probe along the centerline of the sensor from the power electrode 

to the ground electrode with 5mm incremental steps on the SmoothSil 960 Non-Stretchable Sensor. The voltage output 

of the sensor and the force detected by the load cell were recorded for post processing. Note that these tests were 

performed with localized loadings using the curved probe. At each test location, the sensor was loaded from 0 to 100 

N at a rate of 2Hz and sensor’s response signal was extracted thereafter.  The observed sensor behavior is depicted in 

Figure 10. These results are indicative that there is an ambiguous 15mm×15mm region in the center of all sensors that 

in which the results of the spatial discrimination tests are inconclusive. This necessitates the development of an 

alternative approach to detect the location of the loading that was undertaken as objective number.  Data shown below 

are representative sets from ten sets. 

 

 
Figure 10: Sensor’s response to spatial discrimination tests for multiple levels of loading.  

 

 
Figure 11: Spatial Discrimination tests in the azimuthal and the axial directions of the sleeve unit; change in 

sensor voltage show above. 

 

 

2. Dynamic Range & Sensitivity:  

The sensor’s ability to detect a full range of loads was assessed by applying an increasing continuous load curve and 

recording the sensor’s voltage output. For comprehensiveness, the test was performed on SmoothSil 960, TC5041, 

and DragonSkin 30 Non-Stretchable sensors. The sensitivities of the sensors were also assessed in these experiments. 
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The standard deviation of the idle signal of each sensor was calculated and was used to pinpoint the location where 

the sensor output signal is at least twice the standard deviation of the idle state which marks the sensor’s margin of 

error, i.e. 95% confidence interval.    

 

 

 

Table 3: Mechanical Characterization results for the nine fabricated sensor samples.  

Sensor Type Dynamic 

Range/Sensitivity (N) 

Hysteresis (%) Repeatability 

Error (%) 

SmoothSil960 Stretchable Sensor 0.1 - >100N 17.00% 30.19% 

SmoothSil960 Non-Stretchable Sensor 0.1 - >100N 10.50% 7.73% 

SmoothSil960 Full Elastomer Sensor 0.1 - >100N 11.80% 5.84% 

TC5041 Stretchable Sensor 0.1 - >100N 23.80% 14.86% 

TC5041 Non-Stretchable Sensor 0.1 - >100N 8.90% 11.02% 

TC5041 Full Elastomer Sensor 0.1 - >100N 35.70% 14.64% 

DragonSkin30 Stretchable Sensor 0.1 - >100N 23.80% 22.95% 

DragonSkin30 Non-Stretchable Sensor 0.1 - >100N 12.50% 5.59% 

DragonSkin30 Full Elastomer Sensor 0.1 - >100N 13.00% 19.69% 

 

3. Repeatability and Hysteresis:  

The loading/unloading of the sensor was repeated 10 times at a rate of 1 Hz to evaluate the repeatability of the sensor’s 

reading. All 9 samples undergo the repeatability experiments and the results indicated that for sensors constructions, 

the Non-Stretchable Eeonyx provide the most repeatable sensor readings. The test was performed using the curved 

probe for localized loading and the results are shown in Figures 12 through 14. Moreover, the results obtained from 

the 10-consecutive loading/unloading tests were also processed to evaluate the hysteresis effect of the 9 fabricated 

sensors. This was done by calculating the percentage difference between the area of the each of the loading/unloading 

curves. It was observed that the hysteresis effect is present in all samples that is attributed to the intrinsic viscoelastic 

behavior of the PDMS elastomers.  
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Figure 12: Repeatability analysis of SmoothSil 960 sensor constructions. 

 

 
Figure 13: Repeatability analysis of TC5041 sensor constructions. 
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Figure 14: Repeatability analysis of DragonSkin 30 sensor constructions. 

 

 
Figure 15: Measured repeatability error and hysteresis for the characterized sensor samples.  
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Objective 2: Electronics 

A photo of the electronics board based off the 

schematic in Figure 9.  The conditioning electronics 

was tested first using pad-shape sensors. After passing 

initial testing, calibration, and validation, a second-

generation board was made to accompany the sleeve-

like sensor. 

B. Sleeve Sensor 

1. Force Calibration 

Force calibration efforts were repeated for the 

sleeve unit as they were for the sample pads. Two 

similar 1-5-1 neural networks were used.  Performance 

was not as accurate as the pad sample, presumably due 

to the larger size of the unit and the same number of 

locations tested (lower test density).  However, upon 

inspection of Fig. 17, much of the error is at very low 

or very high force levels, where there is relatively 

sparse training data compared to the other force 

ranges.  Thus, we feel that much of the error is due to misrepresentation of these data and the error % is unfaithfully 

skewed due to these large force values. 

 
Figure 17: Upper Left) Linear plot of predicted vs. actual data for Network “A”; Upper Right) Same plot for 

Network “B”; Lower Left) Neural network output (red) vs. load cell output (blue): Average normalized error: 

3.08 N; Lower Right) Average normalized error: 2.84% 

 

In Figure 18, the visualized results of probing the deliverable unit in the center point with the coordinates (75,50) 

is depicted (see Figure 9 for the graphical location). The probing is performed with the index finger of the test operator, 

therefore an error equivalent to the diameter of the index finger is expected. It can be seen that the X and Y centroid 

locations is detected with a very good accuracy by the algorithm. It needs to be noted for spatial discrimination tests, 

the load magnitude is set to be above 3.5 Newtons to prevent noisy signals from interfering from visualization when 

the sensor is unloaded. Moreover, the plotting algorithm is adjusted such that it zeros the idle data prior to the probing 

event so to eliminate sensor drift.  

It should be specifically noted that location accuracy is sensitive to loading level.  The larger the force, the more 

accurate the location estimation.  Concurrently, the lower the threshold of force that is permitted to register a location, 

the more scattered it will be.   

Figure 16: Electronics board. 
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The data acquisition of the sleeve sensor unit was repeated with the electronic board. Python code was specifically 

developed for data acquisition and for interfacing with the electronics board firmware. The data acquisition algorithm 

will process the data acquired from sensor probing tests and will determine the loading’s X and Y centroid as well as 

the force magnitude. As such, three plots are generated for each of the aforementioned parameters.  

It is important to note that in both examples X (Azimuthal) has less precise location discrimination than Y (Axial).  

This is most likely due to the fact that the X readings span a larger distance than the Y and their sensing mechanisms 

are the same.  There also seems to be more sensitivity to lower forces giving imprecise readings.   

 

 
Figure 18: Upper Left) Sleeve Sensor unit interfaced with the data acquisition electronics board. Data 

acquisition and post-processing is performed with an in-house Python script; Upper Right) Force Magnitude - 

Data acquired by the Python post-processing script after probing the sleeve at the center; true coordinates are 

(75, 50); Lower Left) X Centroid, Lower Right) Y Centroid 

V. Discussion and Future Work 

Based on the results obtained from the characterization tests, it was concluded that the optimal sensor 

characteristics with minimal hysteresis and maximum repeatability are attributed to the SmoothSil 960 Non-

Stretchable sensor. It is hypothesized that the favorable sensor response is due to its mechanical integrity brought 

about by implementing non-stretchable Eeonyx as well as the elastomer with the highest hardness.  Electronics were 

also completed as part of this study, but would need to be miniaturized for field deployment in addition to battery and 

data logging capability.  Successful calibration of voltage to force was also shown using a neural network, though two 

neural networks were required based on location.  This is an open issue and remains the subject of investigation.  One 

hypothesis is that the two areas behave differently due to manufacturing inconsistencies. 

The mode of sensing with the least desirable behavior was location discrimination.  Even without addressing the 

preciseness issues, the largest drawback is the inability to register a pressure distribution: only force centroids. To 

remedy this, we propose using the grid of electrodes previously discussed to generate a new X, Y map that has 
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additional taxels to provide a smooth, orderly 2-dimensional space.  The value at each spatial coordinate is linear 

combination of electrode values, where the contribution of an electrode vertex or discrete electrode is a function of 

“d” distance from the taxel (Eqn. 3).  The method is reminiscent of Barnes interpolation used in meteorology26.  If d 

is greater than some cutoff value, then α is set to zero.  Voltages are then summed across all electrodes and normalized 

such that their integral equals one.  Total force from the neural network is multiplied to yield a pressure calibrated 

map (Eqn. 4). 

𝛼 = 1

√2𝜋𝜎𝑒
−(

𝑑2

2𝜎2)⁄               (3) 

 

𝑃(𝑥, 𝑦) = 𝐹 ∗
∑ Δ𝑉𝑒𝑙𝑒𝑐(𝑘)𝑘

1 ∗ 𝛼𝑒𝑙𝑒𝑐(𝑘)
∑ (𝑥, 𝑦)𝑥,𝑦

1,1 ∑ Δ𝑉𝑒𝑙𝑒𝑐(𝑘)𝑘
1

⁄
,

 (4) 

A correction factor can also be applied to the generated electrode voltages.  If there is any disparity between the 

calculated and actual electrode voltage at the electrodes, this correction factor can be applied to each taxel according 

to its voltage coefficient: 

𝑉𝑐𝑜𝑟𝑟 = ∑ 𝛼𝑒𝑙𝑒𝑐(𝑘) ∗ (𝑉𝑥,𝑦 − Δ𝑉𝑒𝑙𝑒𝑐(𝑘)) 𝑘
1          (5) 

 

This change would lend to a garmet that could yield pressure distributions across its surface.  Such a garment could 

be comprised of patches of sensate and non-sensate areas (Fig. 19). The non-sensate areas exist to not only electrically 

isolate the sensate areas, but also to afford variable 

electrode density as determined by the customer.  Like 

human skin, the device ought to contain areas of lower 

density (e.g. back) vs. higher density (arms) where there is 

more activity.  

The garments must also meet practical requirements 

such as comfort of the subject, stretch and wicking sweat 

away from the body and sensing regions.  Sensor effects 

with long time constants such as mechanical drift due to 

wear, temperature and humidity will need to be accounted 

for.  All sensors dift over time, and because we are 

lookingfor relative, not absolute changes in sensor voltage, 

zeroing the device out can help, but not completely correct 

for this.  Like most sensors, this device will require 

temperature compensation, but humidity effects will require further study.  

The sensing regions will be wired as independent units with each unit's electrodes wired to its own connector. 

Connector units will be mounted in regions in which they do not constrict natural biomechanical movement. 

Connectors will be mounted near the terminal ends of electrodes to mitigate wire failure from dynamic motion.  

Besides design of a full-blown garment, additional work would be required in the electronics and software of such a 

device.  For example, ensuring motion artifacts do not corrupt pressure measurement, as well as managing the sensor’s 

thermal and drift compensation and calibration for force and location. It should be noted that the sensor garment 

operates on very low voltage and current circuitry. Moreover, the sensor is insulated from the wearer’s skin by a non-

conductive comforter layer to mitigate the probability of electrical contact between the unit and the human subject.  
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