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Figure 4. A knitted textile structure (left) forms a complex mesh of resistors that can be
approximated as a cumulative resistance gradient in the horizontal and vertical directions (center).
This approximation can be tiled as an image (right) to visually model arbitrary textile circuit layouts.

Figure 5. A textile equivalent circuit that represents an arbitrary resistive mesh is defined with
selected constrained voltage modes (yellow, red), the mesh is simplified using modified modal
analysis (MNA), which yields a conductivity matrix and voltage output matrix, the conductivity matrix
is used to simulate the cumulative flow of current between each constrained voltage mode as either
a static or dynamic response and the results of the simulation are processed with the voltage output
matrix to retrieve the full electrical behavior of the textile circuit.

Data Sheets

Tools are necessary to facilitate design of e-textiles and remove the dependence on lengthy and wasteful processes of trail and error. Based on the PA FDC’s experiences in e-textile R&D, as well as conversations with industry
professionals, the need has been identified for the following types of tools; (Example content from each of the tool sets is shown in figures 2-9).

• Textile Fabrication Guidelines – Documentation addressing design and manufacturing considerations to help users better understand the different
constraints and possibilities for materials and design available to e-textiles.

• Electrical Modeling Guidelines - Well-defined mathematical models that relate anticipated electrical input and output signals that contribute to the devices’
functionalities. These models are derived from networks of elemental passive electrical components that are approximated by yarn composition and textile
structure.

• Testing Methods Documentation - Reference tables for testing and characterization methods relevant to the development of e-textiles, including some
standardized tests, as well as non-standardized testing methods that have been developed through the work of the PA FDC and collaborators.

• Data Sheets – Documentation describing physical textile form and dimensions, expected mechanical or electrical characteristics, and settings of
supplementary sensing devices required to achieve the best device performance.

Figure 14. (Left) The recorded data is compared to the anticipated touch
location decoupling manifold. (Right) Visualization of the recorded touch
locations on the physical touchpad.

Figure 12. (Above) Illustration of the continuous capacitive touch circuit relating high-
level input (touch) to capacitance and linear resistance.

Figure 13. (Below) The supporting circuit parameters (current-limiting resistance and
parasitic capacitance) that yield the greatest touch localization sensitivity.

Visual circuit design tools are used to expedite the development and construction of textile-based circuit meshes.
These tools facilitate faster and more accurate development of e-textile devices. Figure 11 demonstrates a
segment of this modeling process and shows how the electrical modeling guidelines are used to predict the
electrical behavior and touch localization performance of a textile capacitive touch sensor (CTS).

Figure 2. (Above) Diagrammatic representations of various fibers and yarns.

Figure 3. (below) Diagrammatic representations of various textile architectures
and embellishments offering different electrical pathways for e-textile devices.

Figure 6. Diagram of yarn characterization categories (above) and standard
electrode configurations for 2-wire and 4-wire resistance measurements (below).

Clockwise from top left:

Figure 7. Physical specifications and
dimensions of a textile reported on a
data sheet.

Figure 8. Plots showing optimal
settings for sensing and measurement.

Figure 9. An example manifold plot
used to decouple measured data.

Figure 1. The SSDK Design Schema for E-Textile Device Systems Requirements
relating the various components of the e-textile design process.
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Information about e-textile designs is often challenging to communicate between the disciplines, with limited ability to translate directly between circuit and antenna models,
manufacturable textile patterns, and interface layouts. The SSDK seeks to address this by creating a set of tools at the interface of these domains, with the information organized in a
consistent structure that can be applied generally across a range of e-textiles systems.
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Sensitive and intelligent fabrics have
shown promise in constructing flexible and
stretchable human-computer interfaces, soft
sensors and transceivers, and wearable
assistive devices. These fabrics are created
through advanced textile manufacturing
processes which allow users to
programmatically specify a textile’s shape
and behavior through various production
techniques and materials. The resulting
material behaviors and properties, however,
are not entirely predictable. A Soft Systems
Design Kit (SSDK) is proposed as a set of tools
and guidelines to assist textile development
throughout the design and manufacturing
process.

The structure of the SSDK is based on
process development kits (PDKs), which are a
fundamental tool used in the semiconductor
industry to guide development of integrated
circuit devices. These tools and guidance,
developed over several decades, enable a
predictable, consistent development process
without extensive use of sampling and
prototyping. In contrast, no such toolchain
exists in the electronic textiles (e-textiles)
space. Currently, development of e-textiles
and other textile-based soft systems rely on
extensive prototyping and empirical design,
leading to unpredictable costs and risks in
development. By creating a framework to
impose well-defined guidelines in the
development processes and methodologies
used to create e-textiles, removal of this risk
and facilitation of the development of
scalable, manufacturable e-textile
technologies becomes possible.
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2. Simulated distributed resistance The output DC resistance estimation is used to infer touch location
from measured AC waveforms along the continuous mesh. Figures
12 and 13 show the high-level circuit diagram and touch location
decoupling manifold used to process measured data. Figure 14
shows the results of data collection compared to the anticipated
touch response.

Figure 11. DC resistance distribution modeling and validation process. The resistive mesh is represented as a pixel-based image interpreted as an electrical network.
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