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Figure 1: We present wearable material properties. They consist of (a) unit cells that can hold 2 discrete states to switch between
2 user-defined properties, including change in stiffness, height, shape, texture, or combinations of these. (b) We provide a design
tool to assist users in defining their personal wearable material interfaces, such as (c) an arm-worn interface for cushioning on

demand.

Abstract

Users interact with static objects daily, but their preferences and
needs may vary. Making the objects dynamic or adaptable requires
updating all objects. Instead, we propose a novel wearable interface
that empowers users to adjust perceived material properties.

To explore such wearable interfaces, we design unit cell struc-
tures that can be tiled to create surfaces with switchable properties.
Each unit can be switched between two states while worn, through
an integrated bistable spring and tendon-driven trigger mechanism.
Our switchable properties include stiffness, height, shape, texture,
and their combinations. Our wearable material interfaces are pas-
sive, 3D printed, and personalizable. We present a design tool to
support users in designing their customized wearable material prop-
erties. We demonstrate several example prototypes, e.g., a sleeve

This work is licensed under a Creative Commons Attribution 4.0 International License.
CHI ’25, Yokohama, Japan

© 2025 Copyright held by the owner/author(s).

ACM ISBN 979-8-4007-1394-1/25/04

https://doi.org/10.1145/3706598.3714215

allowing users to adapt to how different surfaces feel, a shoe sole
for users walking on different ground conditions, a prototype sup-
porting both pillow and protective helmet properties, or a collar
that can be transformed into a neck pillow with variable support.
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1 Introduction

We interact with physical objects every day. We are familiar with
how different materials feel, e.g., the firmness of a sofa, the rigidity
of a desk, the softness of a pillow, etc. Most of these objects in our
daily lives are static: their properties are baked in when they are
being manufactured and they do not adapt to users after that. How-
ever, users might have different preferences for what is comfortable
to them, or they might have different needs at different times for
the same object, making adaptable physical objects and materials
desirable.

Dynamically adapting how things feel to users has gained sub-
stantial interest, with researchers typically employing one of two
approaches: either augmenting the physical objects themselves or
augmenting users with wearable (haptic) feedback devices.

A variety of dynamic interfaces to replicate or augment physical
objects have been explored in the past. Researchers have explored
designing materials with complex microstructures [3, 41] to adapt
object properties. Examples include fabricating items like shoes [3]
or toys [41] with localized elasticity or pre-programming 3D shapes
into flat prints for later activation [47]. Beyond static designs, one
property of objects like seats [48] or door handles [16] can be
manually configured. To achieve reversible and dynamic properties,
adding actuation is often required. Implementations of such active
systems include stationary desk-like shape displays that can imitate
or manipulate existing materials [9, 34], or robotic constructs to
explore dynamic walls [11] or floors [18, 44]. Since these interfaces
augment the objects themselves, users don’t always have access to
them as they move between different spaces.

Wearable devices are a complementary approach since the inter-
face is intended to stay with users. While many wearable devices
designed for specific tasks in extended reality scenarios have been
investigated (e.g., [8, 27, 43]), wearables that are intended to be
worn during everyday tasks are rare. Examples include wearable ac-
tuators providing resistance and guidance [21], or shape-changing
wearables for aesthetics [2, 49]. While these wearable devices are
always available to users, they don’t alter how everyday objects feel
to users. The most closely related exploration of wearables allowing
users to alter the interface between their bodies and their environ-
ment has been demonstrated as a shoe sole that can be changed
from flat to corrugated and back [16], featuring only two different
textures without the ability to alter other material properties.

In this paper, we investigate how to allow users to alter how their
body interacts with objects that are typically under their control,
e.g., how a chair in a conference room feels to them. To put users
in control, we investigate this question by devising microstructures
that support users to design custom multi-functional wearable
interfaces that can be switched among various user-defined material
properties and areas.

1.1 Passive Wearable Microstructures

To explore this concept, we introduce wearable microstructures
which are passive structures that can be worn under clothes and can
be switched to adapt to user needs. Our design goals are (1) to give
users control over how their body interacts with other objects, (2) to
allow them to tailor their interface to their need, (3) to integrate
multiple functions and properties that they can choose to activate
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while on the go while (4) keeping the interface small, easy to use
and to maintain. We illustrate how we envision such wearable
material interfaces to be used in Figure 2. A user is in a meeting
and sitting on a rigid chair, but they wish to be more comfortable,
like in a sofa chair. Typically, they would not be able to change
the chair’s material properties. We envision wearables designed to
act as an interface between the user’s body and the objects they
interact with, here a chair. Users can control how the chair feels to
them by controlling their own wearable interfaces. In the example
in Figure 2b, they change their arm- and back-worn interface to
make the rigid chair feel like a cushioning sofa chair. Additionally,
they change their neck-worn interface to support their neck similar
to a high-back office chair. After the meeting, the user takes a
power nap in their office, for which they change their arm-worn
interface to be partially soft cushioning their resting head and
partially rigid to stabilize their head position (Figure 2c). After their
workday is done, they switch their arm-worn interface to fully
rigid to distribute the weight of shopping bag straps over their
arm (Figure 2d).

Object-inherent material properties | User-controlled material properties

supporting (stiff)

-

% ’ D cushioning (soft)

Figure 2: We envision embedding the properties of (a) sur-
rounding objects into (b) wearable devices to provide person-
alized, adjustable, and perceivable properties (c-d) at different
locations.

To enable such interactions in line with our design goals, we
design a wearable interface. Users can wear these material inter-
faces in order for them to be accessible when needed (addressing
design goal 1), e.g., for cushioning during a spontaneous power
nap, as depicted in Figure 1c. We designed our wearable interface
to be modular such that users may customize it to their needs (e.g.,
tasks, environments, body-parts), as specified by design goal 2. Our
wearable consists of many unit cells, shown in Figure 1a. Our unit
cell embeds a bistable spring to switch between and hold one of
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two stable positions without external energy. The two states can
be designed to support the transition between different stiffnesses,
heights, shapes, textures, or combinations of these. These discrete
states can be designed by users, which we support with a web-
based 3D editor shown in Figure 1b. Many cells can be combined
and grouped to be configured together, as shown in Figure 1b-c.
Tailoring the individual unit cell properties and their grouping al-
lows users to integrate multiple reversible functions which they can
activate as their needs change, addressing design goal 3. To keep
the wearable interface small and easy to use (i.e., design goal 4),
we choose to keep our wearable unpowered, as actuator can make
interfaces bulky. We integrate a small tendon-driven switching
mechanism to switch groups of cells between their designed prop-
erties. In our prototypes, users pull the tendons manually, however,
our interface is agnostic to the actuation mechanism, which could
be complemented by external actuation (e.g., motors), if needed. To
the best of our knowledge, our interface offers the most functions
within an unpowered and wearable form factor.

Contributions. Our main contribution lies in the concept of mak-
ing material properties wearable and therefore always available for
users. To instantiate this concept, we make the following specific
contributions:

(1) Unit cells with discrete tunable properties. We present small
compliant structures that can be designed to employ two
discrete user-defined property states, which they can switch
between. When designing a unit cell, its properties can be
chosen on a continuous scale (e.g., vary stiffness continu-
ously). After fabrication, users can repeatedly switch be-
tween the two chosen discrete properties.

(2) Unpowered switching of custom material property patterns. To
enable users to switch groups of cells at once, we present a
tendon-driven mechanism that can toggle the state of multi-
ple cells.

(3) Design tool. We build an interactive design tool that allows
users to design custom wearable material properties.

(4) Application exploration. We explore the utility of our wear-
able material interfaces through various application exam-
ples, including a convertible backrest/helmet, a combination
of support collar and neck pillow, an arm-worn material
interface, and a multi-functional shoe sole that can be re-
peatedly switched for wet, flat, or rocky ground conditions.
The interactions we demonstrate are unpowered and inte-
grated with users’ context.

We note that our research prototypes do not center around us-
ability. Smaller form factors or integration with textiles would be
desirable in the future. The scope of this paper includes the ini-
tial exploration of switchable geometry and utility of this novel
concept.

2 Related Work

Our work builds on previous work on shape-changing inferences
that typically instrument the environment, on wearable interfaces
that instrument the user, on interaction mechanisms for unpowered
interfaces, and on findings in microstructures and their correspond-
ing material properties.
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2.1 Changing physical objects dynamically

Dynamic interfaces enable interactive environments to adapt to
users’ needs. A variety of such interfaces, spanning from shape-
changing interfaces to programmable matter, have been explored
in the past. Such interfaces are appealing because they can convey
dynamic affordances [7, 22, 23] and change their shape to adapt to
users’ needs.

A variety of implementations have been investigated. They in-
clude stationary desk-like shape displays that can imitate or manip-
ulate existing materials [9, 34], hand-sized programmable structures
(e.g., [25, 33]), or large scale robotic constructs to explore dynamic
walls [11] or floors [18, 44].

This subset of constructs is part of a larger body of work, all of
which augment the environment to assist users’ needs in situ. In
our work, we are looking for interfaces that are available to users
at all times they choose to, which means making them portable or
wearable. We focus on wearable interfaces for better integration in
users’ daily lives.

2.2 Wearable interfaces

Wearable interfaces augment the user, rather than the environment,
and are therefore available as users move between different spaces.
Often, wearable devices have been developed to provide computer-
controlled haptic feedback for extended reality (XR) scenarios such
as providing variable mechanical resistance [5, 6, 8], alter the per-
ception of weight [14, 27, 43], temperature [28], stiffness [1, 45], or
tactile notifications encoded in pinching or stroking across users’
skin [13]. Beyond haptic feedback for XR, haptic feedback has been
shown to convey dynamic affordances to users for actions over
time (e.g., shaking a spray paint can) [26].

Shape-changing wearable interfaces are parallel research stream
of wearable dynamic interfaces. Moldable interfaces can conform to
the users body after heating and shaping, after which they rigidify
to offer support [12, 37]. Active interfaces have also been explored
as part of clothing to, e.g., change the clothing’s permeability [49],
shape [2], add expressivity [32], or offer guidance through resis-
tance [21].

In our paper, we develop wearable interfaces, but not for haptic
feedback or shape-change, but for users to adjust how existing
objects feel.

2.3 Unpowered interaction

While actuated interfaces offer many functions and flexibility that
can be computer-controlled, they come at a higher complexity and
maintenance need. On the other end of the spectrum, passive or
unpowered interfaces typically offer less flexibility but are interest-
ing because of their simplicity and low maintenance. Often, such
unpowered systems are "human-powered’, where users trigger the
system by deforming it as part of the desired interaction. Examples
include mechanical computation systems that utilize user input
to trigger their programs [17, 19, 29], systems that harvest and
store user-generated energy [30, 46], or manually tendon-actuated
systems (e.g., [2]). Some active material can be triggered through
changes in the environment, such as humidity, temperature, or (UV)
light exposure, typically in a slow timeframe (e.g., [49]).
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We build on these benefits of low complexity and maintenance
and use tendon-driven user-powered actuation in our wearable
material interfaces.

2.4 Engineering material properties

Through the emergence of additive manufacturing, unprecedented
opportunities for fabricating objects with high geometric complex-
ity opened up. As designed or architected microstructured material
can exhibit unprecedented characteristic, such as abilities to ex-
pand in volume (auxetics’, e.g, [39]) or absorb shocks (e.g., [42]).
3D printed engineered structures can emulate existing composite
materials [3], give objects localized elasticity [36, 41] and haptic
force feedback [50], or implement mechanical [15], kinetic [35] and
decision-making capabilities [17, 19].

While many such ‘metamaterials’ are defined before fabrication,
new work covers how to reconfigure them after fabrication. Typi-
cally, a mechanism that allows the material the change their shape
is integrated into the structures, e.g., as flexures [16], hooks [48],
bistable structures [51], or through magnets activated by a station-
ary machine [4].

We build on the concepts from compliant mechanisms and meta-
materials for our unit cell design with bistable structures. While
we base our design on the general design of bistable structures, we
design a novel unit cell with multiple user-defined and adaptable
properties, including height, shape, texture and stiffness change.

3 Adaptable properties through unit cells

To design a wearable interface in a small form factor that can employ
several functions for users to switch to based on their needs, we
propose passive unit cells that can be assembled into conformable
wearables. As our basic building block, we propose a unit cell that
can switch between two distinct states passively. As we show in
Figure 3, our cell consists of two main components: (1) the bistable
switch and (2) the end effector.

REN End %
P effector ﬁ

(a) (b)

Figure 3: Our cell is designed to hold two discrete states. It em-
beds a bistable switch, which (a) when "on" (i.e. extended) can
provide stiffness to the cell yet (b) when "off" (i.e., collapsed)
allows the end effector to govern the material properties.

The bistable switch is a bistable spring that is embedded inside the
cell and allows users to switch between the cells’ states. When the
bistable switch is "on", i.e., when the spring is extended, the material
properties are mainly governed by the properties of the spring,
which dictates the stiffness of the cell. To switch the material into
its second state, we push the bistable spring down to snap-through
into its collapsed state, which allows the end effector to govern
the cells’ properties. Bistable structures have been frequently used
in the past to reversibly configure materials without the need for
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actuation [4, 17, 19]. We print the cells using consumer-grade fused-
deposition modeling 3D printers and off-the-shelf flexible filament
(Ninjaflex, TPU 85A) with an outside side length of 9.2 mm.

3.1 Designing the "on" state

In this state, the properties of the bistable spring govern the ma-
jor mechanical properties of the cell, as shown in Figure 4a. The
bistable spring can be designed to control how stiff the cell is overall
(which is often referred to as "programming" or "tuning" the mate-
rial (e.g., [10, 24, 40]). Figure 4a illustrates 3 examples of bistable
springs varying in stiffness, and 3 other examples varying in both
stiffness and height. We characterize the stiffness and geometric
parameters for a variety of bistable springs in Section 6. By intro-
ducing a gap between the bistable spring and the end effector (see
Figure 4c), we can design the non-linear stiffness profile of the "on"
state. That gap causes the end effector properties to be dominant
at first before the cell is displaced enough to contact the bistable
spring, at which point the bistable properties govern the properties.

3.2 Designing the "off" state

In the "off" state, the bistable spring is depressed until it snaps
through into its second stable position, which is collapsed. With
the bistable spring out of the way, the end effector is left to govern
the material properties of the cell. While the cell’s geometry (i.e.,
its overall shape) defines its properties, we break it up into four
dimensions to aid design. In Figure 4b, we illustrate four main
characteristics that our end effector controls: stiffness, height, shape,
and texture. Additionally, the connection structures between the
bistable switch and end effector can change end effector geometries
and thus material properties in the "off" state. When connected
(Figure 4c), end effector deforms with collapsed bistable switch,
which can change the cell height, shape, or hide or reveal textures.

3.3 Unit cell properties

Material properties are very broad and include, e.g., vapor per-
meability, thermal conductivity, color, transparency, porosity, etc.
In this paper, we focus on a subset of mechanical properties, i.e.,
stiffness, height, shape, and texture (as Figure 4c shows). These
properties will allow users to configure their interface to adapt
to different needs in elasticity, friction, damping, shape, or tactile
features.

Stiffness. Stiffness is a core material property that defines how
hard a material feels. Materials with switchable stiffness can be ad-
justed to a soft state to make rigid materials and surfaces feel softer,
or configured to a stiffer state to distribute load. We demonstrate
this property by an arm sleeve and back cushion applications in Sec-
tion 5. The "on" state stiffness is mainly determined by the bistable
spring. The "off" state stiffness can be tuned by the thickness of the
end effector.

Height. Height defines the order in which the cells are physically
felt, with taller cells being perceived first. For example, in our neck
interface application we present later, users can adjust the height of
support in different regions of the neck. The end effector can vary
the cell’s overall height, which can be designed to be dependent or
independent of the bistable switch. By adding a small connection
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Not connected: Switchable stiffness
non-linear stiffness

Connected

Switchable height

lh<—> I
h

Switchable shape

o Switchabletexture

(c) Connection

Figure 4: The switchable material properties in a unit cell are defined through the combination of three key components:
(a) bistable switch geometry, (b) end effector design, and (c) wether they are connected.

between the structures, the cell can be designed to change its height,
i.e., to shorten when switched from the "on" to the "oft" state. By
omitting a connection, the end effector maintains its height after
state switching. As mentioned, the bistable spring can be adapted
in height to create linear or non-linear stiffness in the "on" state.

Shape. Shape is the overall 3D form and profile of the cell, which
affects the external contour of each unit. For example, we design
rounded cells to accommodate loads from varied directions, such
as supporting the head while napping in our arm sleeve applica-
tion. Meanwhile, rectangular contours are applied on a shoe sole to
ensure stability, where loads mostly come from a single direction.
The shape of the end effector can be designed freely and indepen-
dently from the bistable spring. Additionally, by connecting the end
effector and bistable switch structures, cells can be configured to
employ shape-change after switching the cell’s state. For example,
we illustrate in Figure 4c how to embed flexures to control the cell
changing from a straight top to a rounded surface.

Texture. The macro-scopic texture within the contour shape de-
termines the tactile sensations, including variations in patterns
and orientation. For example, it can be designed to alter friction
or create channels for water as we will present in the shoe sole

example. Again, we can embed texture-change, e.g., by applying
textures to the side of the cell’s end effector, which are inaccessible
to users, that fold up after the cell’s state has been switched. This
exposes the previously hidden textures to the reachable surface.

3.4 Combining cells into surfaces

Users can combine material properties into wearable sheets to
design their personal material interfaces. In Figure 5, we show 4
examples of such material interfaces as an initial inspiration. The
unit cells of a wearable material can be switched individually or
in a group. If each cell is switched individually, a material with
n units can have 2" possible variations. In Figure 5, we demon-
strate different switching methods in a group: separately, together,
or sequentially. With more types of cells and grouping layouts,
many more combinations and switching modes are possible, fur-
ther expanding the design space for customizable wearable material
properties.
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Unit cell
combination

Material properties switching mode

Switch seperately

Switch together

Figure 5: We illustrate four of many possible ways to com-
bine two types of cells with switchable material properties,
e.g., in (a) diagonal, (b) striped, (c) radial, or (d) checkerboard
layouts. With different switching sequences, these combina-
tions demonstrate diverse functionalities: (a) Changing the
shape and height of one type of cell. (b) Altering the shape of
all cells together from rounded to spiked shapes. (c) From a
planar dotted texture surface, we first adjust the height of the
cells to create a radial pattern. Subsequently, we switch the
stiffness of the remaining cells so that the radial pattern is
felt first, followed by the lowered cells. (d) From a flat surface,
the hair texture is revealed on half of the cells, while the rest
transition to grooves as their shapes change.
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4 Switching many cells

While the bistable switch could be pushed through to its second
state manually, this would require users to switch tens (or poten-
tially hundreds) of cells individually. To allow users to configure
many cells at once, we present a tendon-driven actuation mecha-
nism.

(@)

Pull to
“on” position

Pull to
“off" position

Knot

Figure 6: (a) Our tendon-based actuation uses a single tendon
and can be pulled by its two ends, where one end can pull
the bistable switch down and the other can lift our recovery
plate, highlighted in (b), to push the spring back out.

Figure 7: We illustrate how pulling the string actuates the
embedded bistable switch (a) from "on" to "off" position and
(b) from "off" to "on" position.

4.1 Trigger mechanism

We illustrate our tendon-based actuation in Figure 6. Our mech-
anism is designed to pull the bistable switch down into its “off”
position and up into its “on” position with one single tendon. We
keep it to one tendon by feeding it twice at a 90° angle through the
front of the cell’s walls. The friction resulting from redirecting the
tendon holds it in place while allowing the two ends to trigger the
deformation of the structural components. This eliminates the need
to tie knots, which would be very tedious for hundreds of cells.
To trigger the bistable spring to switch into its “off” position,
we feed the tendon through the walls of the cell and the top of
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the bistable switch. As illustrated in Figure 7, pulling the tendon
forward causes it to straighten out and pull the bistable switch
down. To reset the cell back into its “on” state, we feed the tendon
behind the knot mechanism through a recovery plate. As we show
in Figure 6, when the tendon is pulled, it straightens which pulls
the recovery plate up, which in turn pushes the bistable switch up.

(a) Pull to “off” position

(b) Pull to “on” position

Figure 8: Switching the cells in a row with a single tendon.
(a) One end of the thread can pull all the cells in a row to
"off" position one by one; With the same knot mechanism in
between, (b) the other end of the thread can pull all the cells
in a row to "on" position.

4.2 Configuring surfaces

To allow users to configure and repeatedly change the state of their
wearable material interface, we show how to combine the trigger
mechanisms into multiple programmable patterns. For a simple
illustration, we show connecting a row of cells in Figure 8. We keep
it simple and make use of the flexibility of the tendons to route
them under neighboring cells. We bundle them into a thread that
users can then interact with.

Larger surfaces can now be designed to have integrated material
programs, i.e., actuation patterns that are defined through how the
individual trigger mechanisms are bundled. As shown in Figure 9,
we can divide the surface into groups and adjust the overall stiffness
by controlling the state of each group. More properties combina-
tions can be achieved this way, such as switching texture, height,
or shape. In each row, tendon can skip some cells so that only the
cells that are connected will be switchable. By grouping these rows,
we can achieve more precise control patterns, such as the patterns
shown in Figure 5.

5 Application examples

We present several application examples illustrating how our body-
worn material interfaces can be worn under or as part of clothing.
We showcase how users can benefit from adaptation options that
are always available to them.

5.1 Arm-worn interface

This example demonstrates an arm-worn interface composed of
cells with a rounded shape and switchable stiffness, as the cell
shown in Figure 3. After a long-haul flight, a user arrives for a
meeting with their heavy travel bag. They wear the arm-worn
interface in a stiff state to distribute the load of the thin straps over
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(a) 2-group configuration

33

ff” {

pull to “o B
position pull to “on
position

100% stiff 50% stiff

(b) 3-group configuration

soft

70% stiff 50% stiff

Figure 9: Switching the cells in a surface with grouped ten-
dons, with the same actuation mechanisms in each row. (a)
In a two-group configuration, four rows are combined as a
group. This configuration has three states: 100% stiff, 50%
stiff, and soft. After switching one group to the "off" position,
the stiffness of whole surface reduces from 100% to 50% stiff.
(b) In a three-group configuration with 8, 12, and 20 cells
in each group. There are more states of stiffness: 100%, 80%,
70%, 50%, 30%, 20% stiff and soft. Note that the percentage
represents the proportion of stiff cells on the surface.

their arm, as we show in Figure 10a. They sit at the conference
table and find the chair’s armrest too hard. While they cannot
change the properties of the armrest, they can change how it feels
to them. To do so, they utilize their arm-worn material interface
that they wear under their clothing, as we show in Figure 10b.
The interface is configured into three groups to provide switchable
support and cushioning for selective regions: two groups on the
upper surface of the arm and one group on the underside. They
transform the grouped cells on the underside to switch to their soft
state by pulling the tendons that attach to their sleeve, for a more
cushioned armrest (Figure 10c). As their co-worker leaves and the
user is tired (Figure 10d), they switch the material on their upper
and lower arm to act as a pillow for them to take a quick power
nap. The wearable switches a part to soft for cushioning while the
other parts are set to stiff to stabilize both their head and arm.
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(a) Stiff arm sleeve: distribute load

rigid armrest

switch the cells
under the lower arm

(c) Soft arm sleeve: provide cushion

support
(stiff)

Figure 10: Our arm-worn material interface (a) can provide a
protection padding when holding a bag during traveling, and
(b) allow users to adjust the stiffness to adapt to the chair in
shared spaces, (c) to have a more cushioned arm-rest. Users
can use the upper part as (d) a selective-support cushion for
a power nap.

5.2 Multifunctional shoe sole

Footwear selection significantly influences walking stability and
safety across various terrains like uneven, wet, and regular level
surfaces [31, 38]. In this application example, we demonstrate a
shoe outsole with switchable properties to adapt to different condi-
tions on the walking surface. The outsole is designed using three
types of unit cells, as Figure 11 illustrates: stiffness-switchable cells
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Multidirectional
texture

Cell design Heel damping Cushioning

T

A

Figure 11: Our shoe outsole design is composed of three dis-
tinct types of cells, each specializing in switching multidirec-
tional textures, height, or stiffness, respectively.

with button-textured end effectors, height-switchable cells with
compliant spring end effectors, and texture-revealing cells that can
expose textures in designated orientations. The combination of
these cells is designed to improve comfort and safety when walking
on flat sidewalks, wet or muddy paths, and uneven rocky surfaces.
To switch the shoe properties based on the surface conditions, the
tendons are grouped as shoe laces such that the user can pull on
the corresponding laces.

For flat terrain like sidewalks (Figure 12a), the height switchable
cells are in the high state, supporting progressive damping through
a rounded, higher heel and a compliant spring shape. Note that the
combined strength of all cells can support the user’s weight (55 kg
in this example) without unintended actuation despite cells’ small
form factor. During walking, the cells remain stable in their state
without unintentionally switching. When walking in a wet and
muddy area (Figure 12b-c), the texture-switchable cells in the outer
regions of the outsole can be changed to reveal multidirectional
grooves to drain the water and improve grip. The heel height is
lowered to have a flat and level landing plane, for better walking
stability. When walking on a rocky path (Figure 12d-e), sharp and
irregular rocks can cause discomfort under the feet. In this case,
multidirectional grooves are no longer needed, but the stiffness
switchable cells in the middle area are switched to their soft states
as protective cushioning to mitigate the impact of rough surfaces.

5.3 Back-worn interface

We demonstrate a larger multipurpose material interface that is
worn on the back and is integrated with user’s clothing, as shown
in Figure 13a. Here, a user carries a backpack and visits their friend.
The backpack contains many small items and poor padding, which
is uncomfortable. Therefore, they use the wearable interface entirely
in its stiff state to distribute the pressure points and protect their
back (Figure 13b). The user and their friend go for a walk. As they sit
down and lean against a park table, the rigid edge bothers the user.
They promptly pull the tendons to switch the material interface
on their upper back (Figure 13c) into a softer property to make the
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(a) Walking on flat terrain

Taller cells:

progressive damping state after heel strike

Multidirectional grooves:
guiding water and preventing slipping

w | ¥ -
L S

Y

%
Softer cells: cushioning

Figure 12: Our shoe outsole properties can adapt to (a) flat,
(c) wet and (e) uneven surfaces. Users can switch the sole
properties by (b,d) pulling the shoe laces.
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(a) Protection padding  |(b) Cushion for leaning on wooden table
y/. e -

-

A

@ Pulling the

Figure 13: Our back-worn interface can provide (a) backpack
padding or (b) adaptable cushioning against rigid materials
like wood in shared space, through its (c) switchable stiffness
properties. (d) It can also be transformed into an always-
available bike helmet.

park table feel softer. As they decide to take a spontaneous bike ride,
as illustrated in Figure 13d, they transform their wearable material
into an impromptu helmet that can absorb and distribute the force
of impacts between head and ground in case of an accident. We
note that the helmet is a research prototype and did not undergo
safety evaluations; however, we use this example to demonstrate the
potential for such always-available adaptable material interfaces.

5.4 Transformable neck support

In Figure 14, we show a collar that consists of multiple cells with
adaptable properties. We implement the stiffness- and height-changing
cells column-wise (Figure 14a). For each column, the two bottom
layers are integrated with our height-changing cells and bundled
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(a) Cell design

switchable stiffness  switchable height ¢

|

stiff =9 soft

Figure 14: (a) Our collar is designed with columns arranged
around the neck, each column consisting of three types of
cells. (b) The collar can be transformed into a neck support
when the user feels strain in the neck. (c) Users can adjust
the height to fine-tune their neck posture. (d) Additionally,
users can modify the local stiffness for comfort.

together to adjust the column height, allowing users to tune the pre-
ferred height. The rest of the cells in a column are stiffness-changing
cells, which allow users to adapt the local softness.

In this example, the user feels strain in their neck as they read a
book (Figure 14b). To maintain proper posture and reduce strain,
they need a neck support provided by an ergonomic chair with
adjustable headrests. Now they embedded these properties into
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portable and transformable wearable materials. They transform
their collar into a neck support using the integrated drawstring
(Figure 14c). They also adjust the stiffness when they want to lean
to the side to rest, as shown in Figure 14d. This application example
highlights how our wearable material properties can be integrated
with other shape-changing structures for synergetic effects.

6 Technical Evaluation

We characterize the geometry parameters and their effect on the
cell stiffness in this mechanical characterization study. We focus
on evaluating the stiffness only as it is the most complex property
to vary and core to our contribution. We first characterize single
cells before evaluating how multiple cells together affect a surface’s
overall stiffness. We then characterize the forces required for the
tendon-driven mechanism of cells with varied stiffness.

6.1 Experimental characterization of single cells

We first characterize the properties of a single cell. We measure
the bistable switch and the end effector separately as these can be
defined independently from each other. The full cell in its "on" state
is characterized by the combination of the bistable switch’s and
the end effector stiffness. In the "off" state only the end effector
stiffness takes effect.

6.1.1 Bistable switch stiffness. To understand the correlation be-
tween the stiffness properties and the geometry parameters of the
bistable switch, we 3D printed 15 models with parameters varying
in beam angle and length, as Figure 15 illustrates.

[FAE-TO]

DARDEENE

stiffness (N/mm)

T 45°
51503 550

® 60°

T a() s force (N)

===+ not bistable
— bistable

Figure 15: (a) Representation of thickness, length, and angles
on the bistable switch geometry. (b) Setup on Mark-10 ESM
303 with a 50N force gauge. (c) The measurement results as
force-displacement graphs. (d) Stiffness results with geomet-
ric parameters of the 10 bistable cells.

We based our experiment design on [42, 51], who evaluated
how the beam angle and the ratio of beam thickness and length
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influence the bistable behaviors. Specifically, we vary the angle a
between 45° and 60° in 5° increments, vary the length L of each
beam of our bistable switch, and keep the thickness ¢ the same
(0.375 mm). All combinations would result in 25 samples, but 10
that are marked in Figure 15c in grey are infeasible as they result in
interfering geometry, leaving us with our 15 samples. As we show
in Figure 15b, we perform compression tests using a 50N force
gauge (resolution of 0.02N) on our motorized test stand (Mark-10
ESM 303) and record force-displacement data.

Figure 15c shows the raw results of force over displacement.
The dashed lines indicate non-bistable cells and solid lines bistable
cells. The graphs show how during compression (displacement),
the resisting force increases, reaches a peak force, and generally
decreases when the spring switches state. We found that 10 of the
15 cells we sampled in this experiment are bistable and therefore
suitable parameters for our stiffness-changing properties.

We summarize the effect of parameters on stiffness in Figure 15d,
where we plot the stiffness calculated as the first local maximum
force divided by the displacement (cf. secant modulus!). We label
the peaks used for this stiffness calculation with dots in Figure 15c.
Our results in Figure 15d show that the angle and length parameters
allows designers to define the behavior of the cells, with stiffness
ranging from 0.67 to 5.03N/mm.

6.1.2  End effector stiffness. This short experiment is intended as a
comparison to the effects of the bistable switch. We printed 6 cells
with only arc-shaped end effectors. We varied the arc thickness
from 0.2 to 1.2 mm and measured their stiffness using the same
apparatus. We show the force-displacement graphs in Figure 16a,
which are close to linear, as expected. We calculate the stiffness at
4 mm displacement, which is the distance between the arc-shape
and the critical point during the switching process of the bistable
switch. As shown in Figure 16b, our brief experiment confirms that
the stiffness grows cubed with the thickness. This defines the "off"
state of our cells. The "on" state is compound of the stiffness of the
end effector and the stiffness of the bistable switch that designers
choose.

force (N) stiffness (N / mm)
Jemm 1o 35 35e
e '
|, 30
12 2.5
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thickness
(mm) 1.64

o

—_12 8 1.5
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0

o
06 05 027~
0.15
0.4 0 []..06 "
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(a) (b) displacement (mm) |(c) thickness (mm)

Figure 16: We measure (a) 6 arc-shaped end effectors and
confirm that they (b) show linear stiffness in our force-
displacement measurements and (c) that stiffness grows
cubed with thickness.

!https://www.instron.com/en/resources/glossary/secant-modulus-of-elasticity
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6.2 Experimental characterization of surfaces

Since our wearable material properties are designed to be used
as surfaces, we evaluated the change in stiffness with growing
numbers of cells. As shown in Figure 17, we use a simple 3 x 3
surface and perform compression tests using the same setup as for
the aforementioned single cell characterization. We measure the
stiffness of the surface starting with all bistable switches “off” and
cumulatively switching them into their “on” position one by one. We
use 9 identical cells with beams of 0.6 mm thickness, 3.6 mm length
and 58° angle. We had empirically determined these parameters to
be reliable and expanded the aforementioned experiments based
on them.

We show results in Figure 17c as the raw force-displacement
graphs. The graphs show how the curves start out flat, which is
due to the gap between the end effector and the bistable switch.
Once the end effector contacts the bistable switch, the slope of force
over displacement increases, i.e., the stiffness increases. This slope
is maintained until the bistable switches snap into their off state,
where the force-displacement graph flattens out. Overall, our mea-
surements confirm that designers can modulate the stiffness of a
surface by combining cell states appropriately. Surfaces with more
cells in the "on" state exhibit greater stiffness. We acknowledge
that these engineering metrics may not fully capture how humans
perceive surface stiffness, such as for uneven configurations with
mixed "on" and "off" states. Future work could use haptic discrimi-
nation methods [20], to assess how mechanical properties and cell
sizes relate to perceived stiffness.

= =1 nnmbdl
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displacement (mm)

Figure 17: (a) We tested 10 configurations of a 3 X 3 surface
with different numbers of cells in the "on" state. (b) The cells
have the same geometry. (c) The force-displacement data
from the compression tests.

6.3 Tendon-driven actuation

Since our passive actuation method is based on user’s manual force,
we further evaluated the force required for our tendon-driven actu-
ation in relation to different cell stiffness. Specifically, we measured
the pulling force needed to switch a single cell and a row of 8 cells
(Figure 18a) with three different bistable switch geometries each.
We select the bistable switches from our previous characterization
in Figure 15: the stiffest (L=3.0 mm, @=45°), the softest (L=5.0 mm,
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(b) switch one cell switch 8 cells in a row
Figure 18: We measured the tendon pulling force of switching
3 groups of (a) single cells and 8-cell rows from "on" to "off"
state. (b) The cells have different beam length (L), angle (),
and stiffness (left column). The middle column shows the
force-displacement curves for switching single cells. The
right column presents the force-displacement curves for
switching 8 cells in a row, where we marked the position
when each cell in a row successfully switched. The circled
area in each curve highlights the maximum forces for switch-
ing.

a=60°), and an intermediate one (L=4.5 mm, «=55°). All end effec-
tors were 0.4 mm arc shapes, with a consistent 1.2 mm distance
between the end effector and bistable switch.

We installed the test patches in alignment with the movement di-
rection of our Mark-10 test stand and recorded the force-displacement
curves using the force gauge described above. For each measure-
ment, the Mark-10 test stand pulled the tendon until we observed
that the cell(s) all switched to the "off" state. Then the tendon was
released to ensure that all cells remained stably in the "off" state
without external force.

The resulting force-displacement curves are shown in Figure 18b.
The left column shows the force required to switch a single cell using
our tendon mechanism. The required force for each patch is the
maximum force by the last increase—after successfully switching
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each cell, the force decreases while the tendon continues to pull on
the knot (seen in the graph where the force increases drastically at
the end). Our results show that switching a single cell into its "off"
position using our tendon takes less force than pushing the bistable
spring down for the first two cells. The tendon-driven switching
force for the first cell is 3.46N compared to the cell stiffness of 5.03N
from our previous evaluation. For the second cell, we measure
1.56N using the tendon compared to 3.64N. Interestingly, the third
cell requires 3.72N of pull force on the tendon for a cell with only
0.67N of stiffness. This may be due to the long path of switching
such a tall cell creating friction on the tendon. More data may help
understand this phenomenon further. We note that we did not use
such tall bistable springs in our application examples yet included
it in our evaluations to investigate the boundaries of our geometry
parameters.

The results of switching a row of 8 cells are shown in the right
column of Figure 18. Since our tendon mechanism is designed to
switch the cells sequentially when pulling, the force required to
switch a row of cells is not linearly proportional to the number
of cells. We label each cell switching on the local minima in the
force-displacement graphs, which we verified with our recorded
videos. For example, for the bottom two cells in Figure 18b, the
force of switching the 5% cell is lower than that of switching the 41!,
This is because, after a cell switches to the "off" state, the tendon in
straightens out potentially causing a reduction in friction. We may
further minimize the friction by fine-tuning the alignment of the
holes in the collapsed bistable switch and the cell frame, to keep
the tendon as straight as possible. We acknowledge that while the
row-wise switching does not linearly sum forces, pulling multiple
rows in parallel would.

7 Design tool

To support users in designing their preferred wearable material
properties, we present a web-based design tool? (Figure 19) that
allows users to create compliant unit cell structures and export
them for 3D printing. The tool provides an intuitive and accessible
interface for users to define the structure contour, edit cell type and
parameters, visualize their designs, and export for 3D printing.

v Controls

v Edit Surface Contour

Num of Rows |

Num of Columns |
Upwards? v
‘Add Modules

Remove Modules

> Edit Selected Cells

/ > Group Cells

v Export Models

Download All OBJ Files

Figure 19: Web-based editor. Left: 3D viewer of the designed
structure. Right: Options and tools for global and selected
units parameters.

Zhttps://interactive-structures.org/wearable-mat-prop/
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7.1 Contour editing

Users can define the contour of their structure using two methods.
The first method allows users to enter the number of rows and
columns to create a rectangular contour (Figure 20a). Alternatively,
users can use the selection tool by clicking and dragging the mouse
to draw a square selection box, or by pressing "shift" to append cell
selections. Users can then click "add modules” or "remove modules”
to create organic shapes (Figure 20b). Additionally, users can check
the "Upward?" option to orient all units in either a laying down or
standing up position (Figure 20c).
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Figure 20: Editing the contour. (a) Brushing an area and add
modules. (b) Selecting multiple modules and delete them. (c)
Changing the orientation of all the modules.

7.2 End effector editing

Using the 8 X 5 patch in Figure 21a as an example, users can edit
the type of end effector for each cell. The default end effector is set
to "flat". Users can select a cell and change the end effector to "arc"
for arc-shaped end effectors, "ori" for origami-shaped end effectors,
or "cus” to upload a personalized CAD model for customized end
effectors (Figure 21b).

v Edit Selectegs "
e % ) 78]
N ot \—J ‘-

Height

Figure 21: Editing the end effector. (a) Original cell. (b)
Change the end effector from square to arc shape. (c) Up-
load a customized model as end effector.

7.3 Stiffness and Height Adjustment

After defining the end effector types, users can further specify the
parameters for a single (Figure 22) or a group of cells (Figure 23) to
adjust their stiffness and height. By selecting a group of cells (in-
cluding those with different end effectors) and dragging the sliders,
users can modify the total stiffness and height of all the selected
cells. The color of the cells changes based on the stiffness, which is
calculated using the "thickness" and "beam length" parameters.

7.4 Grouped tendon visualization

After designing the cell properties, users can configure the cells
into groups (Figure 24a). The design tool can visualize how the
tendons are routed through these groups, aiding in the assembly
process (Figure 24b).
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v Edit Selected Cells

(d) (e) (f)

Figure 22: Editing the type and properties of the (a) a cell by
(b) connecting the bistable switch to the end effector. (c-f)
adjusting the height, angle, thickness, and beam length.

Figure 23: Editing a group of cells. (a) A 8 x 5 patch. (b) Chang-
ing the height of one row and the beam thickness of some
cells. (c) The color shows the stiffness of the cells.

v Group Cells

Figure 24: (a) Editing the grouping of cells. (b) Visualizing
the tendons of each group.

7.5 Model Export

Once satisfied with their design, users can click the "Download All
OB]J Files" button to export each cell model and the bottom model
in OBJ format, which is ready for 3D printing.

7.6 Implementation

The design tool is implemented using Three.js> for geometry visual-
ization and interaction, lil.gui4 for the menu, and OpenJSCAD5 for
geometry generation, modification, and download. The entire ap-
plication runs on the client side, ensuring a seamless and accessible
user experience.

Shttps://github.com/mrdoob/three.js
*https://github.com/georgealways/lil-gui
Shttps://github.com/jscad/OpenJSCAD.org
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8 Discussion & limitations

Fabrication of our prototypes. The designs for our wearable ma-
terial properties are entirely compliant, i.e, to be made in one piece
without assembly. However, the research prototypes we presented
in this paper were made by printing the core cell (bistable switch
with the end effector as shown in Figure 3) separately from the array
of boxes that holds them. We 3D print them separately because we
use FDM printers with Ninjaflex filament, which is not feasible to
print using overhangs or support material. We experimented with
SLA printing, but found the need for internal supports infeasible.
SLS printing will be able to print the entire prototypes in one piece,
which users can access using professional 3D printing services (e.g.,
Shapeways, 3DHubs, etc.). Embedding the tendon for actuation is
the last step after 3D printing, and it can be done either by the
maker or by professional manufacturing.

Actuation. In this paper, we focused on developing passive struc-
tures that users can actuate themselves. Passive objects are benefi-
cial since they require low maintenance, don’t require batteries to
be charged and overall consist of fewer parts. The passive nature of
our interfaces comes at the cost that users need to preselect a small
number of functions that they want to switch before fabrication.
Additionally, inserting the tendon for actuation adds an assembly
step. In the future, we plan to investigate the embedding of ac-
tive materials (e.g. shape memory alloys, liquid crystal elastomers,
etc.) into our structure to dynamically control the properties of the
material.

Additional material properties. In the current scope of the paper,
we focus mainly on mechanical properties such as stiffness, or
texture change. In the future, we are interested in exploring thermal
properties as well. We envision novel structures to change the
permeability of clothing or printing with conductive materials to
manage heat dissipation, etc.

Scale. Since our cell designs are fully compliant, they can be
applied on different scales. Printing them in smaller scales would
make for a superior wearable experience, while fabricating them in
larger scales allows for more extreme ranges in material properties
(e.g., stiffness). The achievable resistance to forces and the scale of
the cells are correlated, i.e., larger scale cells can be made stiffer
than smaller scale cells. We plan to experiment with different scales,
materials, and geometries in the future.

Focus on wearables. Lastly, in this paper, we intentionally focused
on exploring the concept of wearable material properties, due to
their benefits of being always available to the users. However, we
acknowledge that users can apply our materials on physical objects
as well, if they wish to change their properties.

9 Conclusion

We presented the concept of wearable material properties. Adapt-
able physical interfaces and materials often require instrumenting
the objects themselves, however users in shared space might not
have control over how the objects feel or behave. In contrast, we
investigated instrumenting the user. We presented a compliant,
3D-printable bistable switch allowing users to change the material
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properties they interface with locally and across a surface. To il-
lustrate how such wearable material interfaces can be useful, we
implemented an interface worn on the arm and under clothing,
worn on the back for comfort and protection, and worn as a collar
for support. In the future, we believe that such wearable material
properties can provide benefits in medical and rehabilitation uses,
e.g., as self-adaptable orthotic devices.
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