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Model-Based Design of a Soft
3-D Haptic Shape Display

Margaret Koehler

Abstract—Haptic shape displays provide compelling touch inter-
actions by allowing users to freely explore a rendered surface. How-
ever, these displays are currently limited to 2.5-D surfaces due to the
space requirements of their actuation. Building on previous work
in haptic jamming, we developed a novel, soft 3-D shape display. A
fully 3-D display that a user can grasp and hold allows for improved
interactions for applications such as medical palpation training and
virtual reality experiences. The shape display is implemented as an
inflatable silicone membrane with embedded particle jamming cells
that change stiffness and soft pneumatic actuators that control the
distance between points on the surface. The device was modeled as
a mass-spring system, and this model is used to develop a control
sequence for a device to match a target shape. Due to constraints in
actuation imposed by the 3-D geometry of the device, we developed
an automatic design algorithm for the display, so that a display can
be custom-designed to reach a set of target shapes using a relatively
small number of actuators.

Index Terms—Haptics and haptic interfaces, modeling, control,
and learning for soft robots, simulation and animation, soft robots
materials and design.

1. INTRODUCTION

APTIC shape displays provide touch feedback to a user

by changing shape to render different environments. In
contrast to typical kinesthetic haptic devices in which the user
interacts with a virtual model through a held stylus, a shape
display allows for multipoint interactions and can provide si-
multaneous kinesthetic and cutaneous feedback. A haptic shape
display is an encountered-type haptic device with which a user
can actively and directly explore an environment, rather than
being constrained to interactions through a tool [1]. By allowing
for these complex interactions, shape displays can provide a
rich sense of realism and convey haptic information related to
the shape of the surface itself and the variable stiffness along
that surface.
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In this article, we present a fully three-dimensional (3-D)
shape display, in contrast to most shape displays, which are 2.5-D
(able to render surfaces that can be represented by a planar con-
tour map) [2]. One application for such a shape-changing haptic
device is in medical training. Palpation and haptic feedback are
important tools for medical evaluation and diagnosis. A shape
changing device that mimics an organ could be incorporated
into a medical simulation mannequin to model different shape or
stiffness changes in the organ. This rapid and automated change
of the properties of model organs would be an improvement over
current static mannequins that can only render a single patient
state. Being fully 3-D would allow trainees to grasp a model
organ or manipulate it with two hands, rather than just pressing
a surface from the top. Additionally, a haptic shape display could
be used in virtual and augmented reality applications, such as
product design, online shopping, or gaming, to allow a user to
reach out to a virtual object and grab the shape display that
approximates the shape of the virtual object. The shape display
could act as a form of digital clay, rapidly providing physical
feedback on the design of an object or recreating the physical
form of an object for assessment prior to a purchase [3].

Building on previous work in haptic jamming, which used
particle jamming cells and a silicone membrane in a 2.5-D
display to create large deformation of a continuous surface [4],
we developed a fully 3-D design, shown in Fig. 1. In this design,
we embed particle jamming cells in a silicone membrane to
form a shell around an internal pressure cavity. Soft pneumatic
actuators inside that cavity control the distance between two
surface points. We do not use the particle jamming cells to
explicitly control the stiffness of the device, instead using them
as part of the overall shape control. While the stiffness is not
controlled independently from the shape, the soft components
produce an overall device stiffness in the appropriate range for
our target application of model organs for palpation training.

Most 2.5-D shape displays depend on a large bank of actuators
behind the surface [4]-[7]. In afully 3-D device, the space behind
the surface is limited to the interior of the device, leaving very
little space in which to place the actuators. This permits the use
of only a small number of actuators, which necessarily limits the
versatility of a particular device. To compensate for the small
number of actuators, we developed an automatic model-based
design algorithm to design custom devices that can reach small
sets of target shapes with relatively few actuators. This automatic
design algorithm takes advantage of the flexibility of modern
manufacturing techniques that can easily produce components
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Fig.1. Iterative design algorithm takes a small set of target shapes as inputs and
provides a design (rest shape and actuator configuration) and control sequence as
outputs. The algorithm uses a mass-spring model to predict the achieved shape
for a given design and control sequence. The design can, then, be realized in
hardware, and the shape display actuated according to the control sequence.

of arbitrary shape. As with most soft robotic devices, the use
of soft components makes the device complex to model and
control. In particular, the particle jamming cells lead to path-
dependent behavior in which the final shape is dependent on
the whole control sequence, not a single equilibrium result [8].
The automatic design algorithm takes this path-dependency into
account. Our approach is outlined in Fig. 1.

This article presents two main contributions. First, we devel-
oped the design, modeling, and control of a fully 3-D haptic
shape display using actuation techniques from soft robotics and
modeling techniques from physics-based computer simulation.
Second, we created an iterative automatic design algorithm that
designs a shape display to reach a small set of predetermined
target shapes with a small number of actuators. This design
algorithm works by iteratively controlling the device to match
each target shape and adding a corrective actuator where the
error in shape matching is the greatest.

II. BACKGROUND

This article builds on previous research related to two areas:
haptic shape displays and computational modeling and design.

A. Shape Displays and Haptic Interfaces

Shape displays have been the focus of much work in the
fields of haptics and human—computer interaction. Most of these
displays are 2.5-D devices consisting of a planar array of actu-
ators moving into a third dimension. Pin arrays are a common
paradigm of shape display design across scales [9], [10], and
they simulate a continuous surface by either densely packing
many pins [5], [11] or by mounting a flexible membrane over
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the pins [6], [12], [13]. Pin arrays are easy to control to match
a particular surface, but require a large number of actuators in a
predetermined layout. Some pin arrays include force control of
the pins for variable stiffness rendering [7].

Other shape displays have used shape memory alloys [14],
[15] or rigid components arranged in a discrete mesh also
described as a “deformable crust” [16], [17]. Displays based on
pneumatics have also been explored, including flexible tactile
arrays [18], [19]. Yao et al. [20] described a variety of pneu-
matically actuated user interface devices that can change shape.
A single pneumatic actuator changes the shape and stiffness of
a deformable holdable haptic device in [21]. Pneumatics have
also been used to create variable size haptic displays, as in [22].
The digital clay design described in [23] uses many balloons to
act as a volumetric digital clay interface.

Our device design is based on previous work in haptic jam-
ming displays that incorporate particle jamming cells in a surface
to enhance shape control and provide variable surface stiff-
ness [24], [25]. Haptic jamming displays have been primarily
focused on 2.5-D displays in which a flat sheet of cells is inflated
from below. This work has included analysis of the mechanical
properties of a jammed and unjammed shape display [24], as
well as computational methods for modeling and control of
the device [4], [8]. Stanley and Okamura [8] showed that a
large number of actuators were required to achieve good general
matching of target height maps and that surface matching was
sensitive to individual actuator placement particularly when few
actuators were used. This article also indicated that particle
jamming cells are critical for controlling the shape, not just in
determining mechanical properties.

Various haptics applications for particle jamming are de-
scribed in [26], including a volumetric particle jamming cell that
can maintain a deformed shape that a user inputs. Other work
that uses particle jamming in 3-D includes the universal jamming
gripper [27], which does not have active shape control but instead
conforms passively to its environment, and the jamming skin
soft robot, which uses selective jamming during pressurization
to locomote and change shape [28]. The display described in [29]
combines a pressurization chamber and particle jamming with
an excess of a flexible cloth surface to allow the user to sculpt
3-D shapes, and the haptic jamming sphere presented in [30] can
change size and stiffness but not shape. Particle jamming has also
been proposed for organ design for palpation training [31]. These
3-D jamming surfaces, unlike the 2.5-D haptic jamming displays
and unlike our device, do not include actuation other than the
jamming cells and internal pressurization, limiting the potential
for active shape change. The pressurized balloon in [32] can
similarly change size and stiffness but not shape, although the
authors do propose an array of such balloons that could change
overall shape.

B. Modeling and Computational Design

To design a shape display capable of reaching a particular set
of target shapes, we must be able to predict how the display will
deform under actuation and use this prediction to determine a
good rest shape and placement of the actuators. Since our device
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is soft, we can look to the field of soft robotics. Simulation
and design automation tools have been recognized as two of
the main challenges in soft robotics [33]. Due to the complex
mechanical properties of soft robots, intuition can fail to provide
a good design that deforms as desired. Design automation has
been used in some soft devices and robots. In [34], the rest
shape required to achieve a final balloon shape for a particular
inflation pressure was determined using a constrained opti-
mization and an augmented Lagrangian method. Using similar
techniques, deformable shapes were made to match particular
poses by optimizing the location and direction of applied forces
in conjunction with material distribution in [35]. Gradient-based
methods were also used in [36] to optimize shape matching from
a given rest shape to target shapes based on inflation. In that
work, Ma et al. [36] optimized the distribution of material in a
frame embedded in the surface of a deformable object. Different
air chambers were designed in order to allow a single rest shape
to match more than one target shape. In contrast to our device,
the device in [36] focuses primarily on surface-based actuation
rather than linear actuation that is internal to the device. Genetic
algorithms have seen widespread success in design optimiza-
tion [37]. For soft robots in particular, genetic algorithms have
been used to design a robot that locomotes based on a predeter-
mined actuation sequence with multiple material elements [38].
Baykal er al. [39] combined a stochastic global optimization
algorithm with a sampling-based motion planner to determine
the kinematic parameters of a deformable robot with the goal
of reaching particular target poses. The high dimensionality of
robot design, particularly for deformable robots, makes these
optimization problems challenging.

An integral component of all of these design algorithms is the
underlying model of the deformable body. Two main approaches
are used for deformable modeling [40]. In a finite-element
model (FEM) of an elastic surface, the surface is discretized
into smaller triangular surfaces and the continuum equations are
solved on this smaller surface, with compatability constraints
enforced between triangular elements. This can be used, for
instance, to approximate a nonplanar surface with many smaller
planar surfaces. In a mass-spring model, the surface is again
discretized into triangles, but the deformation of the membrane
is approximated using elastic elements along the edges of the
triangles. Thus, the elastic elements of a FEM of a surface
are continuous, 2-D surfaces, while the elastic elements of a
mass-spring model of a surface are 1-D springs. Finite element
modeling can provide more accurate results, particularly for
equilibrium solutions [34], [35] and have been used for the
dynamic control of soft robots [41]. Mass-spring models are
easier to implement and allow for faster simulation [40]. A
mass-spring model was used in [8] to represent a haptic jamming
display and analyze the presented control strategies, and it is this
approach that we extend in our work.

III. DESIGN AND MODELING OF SHAPE DISPLAY:
SYSTEM AND COMPONENTS

In this section, we describe the physical components used in
the shape display as well as the mass-spring model that was
developed for the system. The overall design and hardware
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components of the shape display are shown in Fig. 2. The main
structure of the shape display consists of two nested silicone
membranes. The region between the two membranes is filled
with coffee grounds and partitioned into independent particle
jamming cells. Points on the surface of the inner membrane are
connected with soft linear actuators that traverse the inner cavity
of the device. The actuators are used to control the distance
between their attachment points. The user interacts with the
outer silicone membrane. We use a mass-spring model, rather
than a FEM, because it allows for fast dynamic simulation
and has had sufficient accuracy for previous haptic jamming
surfaces [8]. This model is used as a component of the design
algorithm that follows. Additionally, the model can be used to
explore the range of achievable shapes for a given shape display
design.

A. Inflatable Membrane

The rest shape of the shape display is determined by two
nested silicone membranes. These silicone membranes are mod-
eled as a triangle mesh of point masses and springs, as seen in
Fig. 3. Unlike previous models of haptic jamming surfaces that
depend on a specific rectangular geometry [8], this model admits
an arbitrary triangle mesh representing the surface. Using the
derivation in [40], the spring stiffness for an edge is defined as

b, - BAT)

|cf?
where k. is the spring stiffness, E is the elastic modulus of the
membrane material, A(7,) is the sum of the initial areas of the
two triangles adjacent to the edge, and c is the initial length of
the spring. In parallel with each spring is a linear damper. The
simulation controls the amount of air inside the main cavity of
the shape display, and the corresponding pressure is calculated
based on the volume enclosed by the surface, assuming constant
temperature. The resulting pressure from that air is, then, applied
to each triangle, with the force equally distributed between the
three vertices of each triangle. As in [34], the pressure force
applied to each vertex ¢ in the mesh is

= pA;j
Fy=> =t
J

in which p is the gauge pressure in the chamber, A; is the area
of triangle j that has vertex 7 as a vertex, and 77; is the outward
normal of triangle j.

The system is simulated using explicit fourth-order Runge—
Kutta integration with a time step of 0.001 s. In addition to
the linear damper aligned with each spring, a viscous damping
force, proportional and opposite to the velocity of each point
mass, is applied to each particle in order to reduce oscillations
and encourage stability.

ey

2

B. Inverse Pneumatic Artificial Muscles (IPAMs)

Our system requires actuators composed of soft materials that
are capable of high extension ratios. We use [IPAMs, modified
from [42], to connect points on the surface and control the
distance between them. The IPAMs consist of latex rubber tubes
enclosed in a sheath of inextensible fabric. The diameter of the
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General shape display device design and its hardware components. (a) Schematic of the general device design, showing how the components are arranged.

The spherical rest shape and small number of actuators are shown for clarity. (b) Inner and outer silicone membranes, made by brush molding silicone over a 3-D
printed mold, define the rest shape. (c) IPAM consists of a rubber tube encased in a fabric sheath. The fabric is longer than the tube, and unwrinkling of the fabric
allows the tube to expand axially but not radially. (d) Jamming cells, consisting of separated regions of coffee grounds, are attached to the inner silicone membrane.
Each jamming cell has a separate vacuum line. (e¢) IPAMs are attached and the outer silicone membrane is stretched over the shape to complete the assembly

process. The tubes for the main chamber, IPAMs, and jamming cells are connected externally to their control valves (not shown).

Silicone Membranes

IPAMs Jamming Effect

(a)

Fig. 3.

(d) (©)

Each component of the model is shown. (a) Silicone surface is represented by a triangle mesh and modeled as a mass-spring system with springs along

each edge and a particle at each vertex. (b) Each IPAM is modeled as a set of three springs that connects two triangle faces. (c) Dihedral springs along each edge
are used to account for the bending stiffness of the surface, which is crucial for modeling the particle jamming effect.

fabric tube is the same as the outer diameter of the rubber tube.
The fabric tube is longer than the rubber tube, and each end
of the fabric tube is secured to the end of the rubber tube. The
fabric is wrinkled so that the full length of the fabric fits on
the unstretched rubber tube. As in the case of the fiber-wrapped
IPAMs, the fabric sheath stops the rubber tube from expanding
radially, forcing it to expand axially when pressurized. IPAMs
act as linear springs with variable natural length based on their
pressure, and they permit large strain, which is essential for
reaching a wide variety of shapes. Unlike typical linear actuators,
IPAMs are flexible and can bend around each other, which
allows us to avoid problems of actuator intersection. [IPAMs have
previously been used primarily in tension, but can also apply
forces while under compression. While buckling and bowing
are concerns when in compression, we have found that the
IPAMs can provide substantial pushing force, in part because
they are in contact with the other IPAMs in the interior of the
device.

An IPAM can be considered as a spring with a controllable
natural length. From [42], the axial force produced by an [IPAM,
Fipams, is

Fipam = k(L — Lo) — AP (3)

where £ is the axial stiffness of the rubber tube, L is the length,
Ly is the free length (assuming no pre-stretch), A is the cross-
sectional area, and P is the gauge pressure of the IPAM. The
force—length relationship can be written using a natural length
L, as follows:

Fipam = k(L — Ly) “4)
L, = Lo+ (’2) P )

The tube stiffness, free length, and cross-sectional area are
constant. From this equation, it is evident that pressure acts as a
linear controller of the natural length of the IPAM. The spring
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stiffness is dependent on the dimensions and material properties
of the rubber tube, and the constant relating pressure to natural
length is dependent on this stiffness and the cross-sectional area
of the tube.

The IPAMs are included in the mass-spring system according
to this linear spring model. To accurately capture the distribution
of forces on the surface at the [IPAM attachment points [see the
IPAM ends in Fig. 2(c) and (e)], each end of the IPAM is attached
to a triangle in the mass-spring system, rather than a single
vertex. The IPAM is, then, modeled as a set of three identical
springs connecting the two triangle ends, each spring connecting
a pair of vertices, one from each triangle [see Fig. 3(b)]. The
stiffness of each of these springs is one-third of that of the
IPAM itself, so that the three springs acting in parallel match
the behavior of the IPAM. The physical IPAMs have octagonal
endcaps, which are used to attach them to the silicone membrane.
We do not explicitly model this attachment shape, instead use a
single triangle from the mesh as a simplification. This assumes
that the size of the triangle in the mesh is similar to the size
of the endcap. Furthermore, this means that we do not design
for features smaller than the size of these endcaps or the mesh
triangles. As with the surface springs, a linear damper is included
in parallel with each of the IPAM springs. The pressure inside
each IPAM is controlled.

C. Particle Jamming Cells

The space between the two silicone membranes is filled with
dry coffee grounds. This coffee ground layer is partitioned into
different airtight regions, each of which is a particle jamming
cell. Each jamming cell is connected through a valve to a vacuum
line. Applying the vacuum to a cell (jamming the cell) causes
the silicone layers to pull together, increasing the friction force
between the coffee grounds and causing the jamming cell to
stiffen. This is based on the principle of particle jamming, and
the properties of this silicone and coffee ground design have
been characterized in [24].

To model the bending stiffness, torsional springs were added
to each edge that apply a torque proportional to the difference in
dihedral angle relative to an initial dihedral angle, as used in [43].
The dihedral angle of an edge, 0, is the angle between the normal
vectors of the two triangles containing that edge. The torsional
spring applies forces on four points, the two points on the edge
containing the torsional spring and the two other vertices of the
triangles that contain that edge as shown in Fig. 3(c). The torque
and forces are computed as follows:

T= —k(0—06,) (6)

— T R

FA = 75 A (7)
[17all

— T N

FB = 5 B (8)
175l

L 1/~ =

Fo = Fp =~ (Fa+ Fy) ©)

where 7 is the torque, k, is the torsional spring constant, 6,, is the
natural angle of the spring, F" are forces on the different vertices
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of the triangles that contain the edge, and ||7]| is the distance
from the vertex to the edge. The dihedral spring stiffness is set
to the same value for all of the edges, not taking into account
the effect of edge length on bending stiffness.

We use jamming as an ON—OFF actuator, which modulates
the stiffness of the cell. When a cell is jammed, the increase
in stiffness is simulated using the following changes in the
model, similar to those used to model jamming in [8]. First,
the natural lengths of the linear springs and the natural angles
of the torsional springs for the edges of triangles within that cell
are set to the lengths and angles of each spring in the current
configuration. The linear spring stiffnesses are scaled up by a
factor of 10, and the dihedral spring stiffnesses are scaled up by
afactor of 30. When unjammed, the coffee grounds can slide past
each other easily, but when the cell is jammed, the coffee grounds
lock together to resist stretching and bending. The increase in
bending stiffness is due to the fact that the jamming cells have
substantial thickness. While the silicone maintains it original
properties, the jamming effect of the coffee grounds has the
predominant stiffness effect in both linear and torsional spring
stiffness when jammed.

Since the modeled properties of the jamming cell, in particu-
lar, the dihedral and linear spring natural angles and lengths, are
dependent on the shape of the device when the cell is jammed, a
full history of the actuation of the device is needed. Thus, a static
equilibrium model is not sufficient to determine the final shape
of the shape display. This requires a forward dynamic model in
the simulation and also limits the possibilities for control and
design optimization, leading us to an iterative method based on
a heuristic controller and design updates.

IV. CONTROL TO TARGET SHAPE

Our approach is to develop a heuristic feedback control al-
gorithm that transforms the shape display from its rest shape
to a shape that approximates a given target shape. Using the
model presented in the previous section, we first determine an
actuation sequence that actuates a given design of a shape display
to approximate the target shape. We use this controller repeatedly
to evaluate different designs in simulation, and, then, finally
use the controller to control a hardware version of the shape
display. In this section, we first describe how we compare two
meshes with different connectivity (a necessary component for
the control and design algorithms) and, then, describe the control
algorithm itself.

A. Shape Representation and Comparison

An important component of both the control and design
algorithms is the representation of the shape and how that repre-
sentation can be used to evaluate the error in shape matching in
order to inform actuation and design updates. As described in the
previous section, the shape display is modeled as a mass-spring
system, represented by a triangle mesh. The target shapes are
also represented as triangle meshes. In order to determine the
error between a given mesh and a target mesh, we need some
way to compare the two. Furthermore, in contrast to [35], our
target meshes do not have the same connectivity as each other or
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Fig. 4. 2-D example of the radial sampling technique. The target mesh is
sampled radially based on the positions of the design mesh vertices in order
to make a sampled target mesh. The sampled target mesh can, then, be easily
compared to the design mesh, since their connectivity is the same. Sharp corners
in the target shape can be missed in the sampled target.

as the design mesh, so simple position correspondences between
vertices is not an option. Thus, for error computations we use
a radial sampling technique similar to that described in [44] in
which we build a sampled target mesh for each target shape
that has the same connectivity as the design mesh. This sampled
target mesh is updated at each control step and depends on the
current state of the design mesh.

A 2-D version of the radial sampling technique is shown in
Fig. 4. To make the sampled target mesh, each vertex in the
design mesh is used to define a ray from the origin through
that vertex. The intersection point between that ray and the
target mesh becomes a vertex in the sampled target mesh. The
vertices in the sampled target mesh are connected in the same
way as the design mesh. This sampled target mesh allows for
straightforward comparisons between the design and the target
shapes that are used to inform the control and design.

This sampling technique is based on the idea that inflation of
the main chamber can be approximated by radial scaling. This
is true for a sphere, but not for more complex shapes. However,
as the design mesh gets closer to the target mesh (as a result of
the actuation), the correspondence between the target mesh and
the sampled target mesh will improve. When the two meshes are
very different in size or shape, the initial sampled target mesh
may not correspond as well to the target mesh because radial
expansion is not a perfect representation of inflation and since
we specifically change the shape with actuators. Thus, an incre-
mental control algorithm is required. Particularly, sharp edges or
features may be lost when the vertices of the design mesh do not
align with them. This could be accounted for by sampling both
the design and target meshes with a set of sampling rays that are
more highly concentrated on those particular areas of interest.
However, such a system would have to maintain the physical
correspondence between the mesh and the actuator placement
as well. Finally, this radial sampling technique limits the shapes
that we can use to those that are star-shaped or visible from
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the origin (shapes for which there is only one intersection point
along any ray from the origin). It is important to note that this
limitation is due to the particular means of shape comparison that
we have chosen to implement; it is not inherent in the design of
the display or the control and design algorithms.

We define a metric for postanalysis that gives a single value
to capture the shape similarity between the achieved shape (the
shape at the end of the control sequence) and the target shape.
This metric is not used during the control or design phase
because it does not give sufficient information on how to improve
the shape matching through actuation or actuator placement.
We use the sampled target mesh and the design mesh to compare
the similarity of the two shapes using the Pearson Correlation
Coefficient (PCC), a normalized cross-correlation commonly
used in template matching in images [45] and previously used
to compare shape display surfaces [8]. The PCC is computed as

po_2ilri—NE—R)

\/Zz (ri =7)?>; (R — R)?
where r; is the radius of a vertex in the design mesh, R; is the
radius of the corresponding vertex in the sampled target mesh,
7 is the average radius of the vertices in the design mesh, and R
is the average radius of the vertices in the sampled target mesh.
This metric compares the shape of the sampled target mesh and
the design mesh by determining the strength of the correlation
between the radii of the vertices in the two meshes. The PCC
ranges from —1 to 1, with 1 corresponding to perfect positive
correlation, and —1 corresponding to perfect negative correla-
tion. Since this metric only accounts for correlation between
the radii, the absolute size of the meshes is not accounted for,
so comparing a pair of radially scaled meshes will result in a
PCC of 1. With the assumption that the two shapes have the
same volume, however, we can be assured that the PCC is a
reasonable representation of the shape similarity. Our controller
achieves this required volume matching well.

(10)

B. Controller

The control algorithm is described in Fig. 5. Each actuator is
controlled independently but simultaneously. The control begins
with an initial inflation to the target volume, in which only the
main chamber inflation is actuated, prior to starting the control
of the other actuators. The control variables are as follows: the
amount of air in the main chamber, the pressure in each IPAM,
and the jamming state of each jamming cell. The amount of
air and the IPAM pressures are continuous control variables,
while the jamming cell states are binary control variables. Fur-
thermore, we limit the jamming cells to switch a maximum of
one time from unjammed to jammed. The rate of main chamber
inflation and IPAM inflation are limited in each control step.

1) Chamber Inflation Control: The controller that regulates
the amount of air added to the main chamber is

P
*ﬁ (11)

where V; is the target volume, V' is the current volume, P is
the current absolute pressure, R is the gas constant, and 7" is
the temperature, which is assumed to be constant. Under the

Anyy = (‘/t - V)
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Fig. 5.

Control algorithm drives a design to a target shape in simulation. (a) Inputs to the controller are the design and the target shape. (b) In each control step

the main chamber inflation, IPAM pressurization, and jamming cell state are controlled based on a comparison between the current shape and the target shape.
During the initial inflation stage, only the main chamber (yellow) is actuated until the volume closely matches the target volume. (c) The model of the designed
shape is dynamically simulated to reflect the impact of the actuators. (d) The control algorithm finishes when the main chamber volume and IPAMs are within their
deadbands or when the maximum number of control steps has been reached, outputting the achieved shape.

assumption that the pressure will remain constant over the next
step in the control algorithm, the amount of air is incremented
such that the volume matches the target volume. The target
volume is determined by computing the volume of the sampled
target shape. If pressure, rather than the amount of air in the
chamber, is controlled, unstable inflation could occur, since,
as the surface expands, the area over which the pressure is
applied increases, thereby causing a higher force to be applied.
Since surface area grows as a square of the linear distance on
the surface (which is directly related to the spring length and,
therefore, the resistive force in the springs), a pressure-controlled
inflation can become unstable in simulation. Controlling the
amount of air in the chamber avoids this possibility and more
accurately reflects the physical system in which air must be
added to the chamber to increase the pressure.

2) IPAM Control: The IPAMs are controlled similarly to the
main chamber inflation. The target length of each IPAM is
determined based on the distance between the centers of the
two triangles to which it is attached in the sampled target shape.
By assuming that the force on the IPAM from the combination
of the chamber pressure and the outer membrane remains con-
stant, the IPAMs are controlled to match their target length as
follows:

AP = —(L; — L) (12)

o | =

where P; is the IPAM gauge pressure, L; is the target length,
L is the current length of the IPAM, and k/A is the constant
relating pressure to natural length for the [IPAM.

3) Particle Jamming Cell Control: The control of the particle
jamming cells is based on a measure that approximates the
curvature. In our design, each particle jamming cell is centered
around an IPAM end that is a triangle in the surface mesh. The
curvature metric is defined as follows:

K = TpAM — TIC (13)

where & is the curvature of the jamming cell, rpay is the radius
to the center of the IPAM attachment triangle, and 7jc is the
average radius of all triangles in the jamming cell. Here, the
radius of a triangle is the distance from the origin to the centroid
of the triangle. This formulation assumes that chamber inflation
will move the whole cell radially inward or outward, and the
IPAM actuation will move the IPAM attachment triangle in
or out. Therefore, the particle jamming cell is used to fix the
relative position of the IPAM attachment triangle and the rest of
the cell. In contrast to the IPAMs and main chamber inflation,
the jamming cells are passive actuators in that they cannot be
controlled to make the cell achieve a specific curvature; rather
they can only stop the curvature from changing. To control
this, we track the curvature of the cell over time. If the current
curvature is between the last curvature and the target curvature, it
is assumed that the curvature of the cell will continue to approach
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the target curvature, and the cell is not jammed. Mathematically,
this is expressed as

Min(K7m, Km-1) < Kpm < MaxX(K7,m, km-1)  (14)

where k,, is the current curvature, x,,—1 is the last curvature,
and K7, is the current target curvature, which can change over
the actuation sequence as the radial sampling develops. It is
necessary to use the maximum and minimum because we do
not know whether the jamming cell curvature will approach the
target curvature from above or below. If the current curvature is
not between the last curvature and the current curvature, the cell
is jammed. This occurs when either of these conditions are met

Rm S min(ﬁT,m; K:mfl) (15)
Em = max(“T,ma “m—l)-

Thus, a cell is jammed after the first step in which it starts moving

away from the target curvature. Once jammed, a jamming cell

is never unjammed.

C. Simulation Results

A control sequence for an example shape display and target
shape is shown in Fig. 6. The design, or rest shape and actuator
placement of the shape display, is a sphere with five IPAMs, and
the target shape is a cube. Four of the IPAMs are aligned with
the corners of the cube, while one IPAM connects the centers
of two opposite faces. The control algorithm starts by inflating
the sphere to match the volume of the target cube. Due to this
inflation, the surface pressure pulls on the IPAMs, increasing
their length. The jamming cell curvatures decrease, since the
IPAMs pull in on the surface, resulting in surface indentations.
After the preinflation, the IPAMs are actuated to match their
target lengths and the jamming cells are jammed near their target
curvature, while the main chamber inflation maintains the shape
display at the target volume.

The PCC decreases during the initial inflation step before
increasing monotonically when the IPAMs are actuated. This
global shape matching improvement is not guaranteed by our
algorithm, which uses only the local information pertinent to
each actuator. However, in our experience, this local actuation
approach provides a good heuristic for global shape matching.
The final fit is dependent on the initial alignment of the target
shape and the design, since the control algorithm does not
allow for rotation of the shape display. In this case, the control
algorithm works well because the IPAMs are aligned with the
corners of the target cube to start.

The target jamming cell curvatures and IPAM lengths change
during the control algorithm. This is because the sampled target
shape changes over the course of the actuation, as the simulated
surface comes in closer alignment to the target shape. These
changes are dependent on the actuation sequence. For the initial
sphere and target cube in this example, in which the radial
sampling stays fairly consistent throughout the control sequence,
these changes in target length and curvature are minor, but for
other shapes, the target values for each IPAM and jamming
cell change more significantly. Similarly, even though the target
shape is symmetric, the target IPAM lengths and jamming cell
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Fig. 6. Example control sequence for controlling a shape display with a
spherical rest shape into a cube shape. (a) Main chamber pressure is controlled so
that the target shape and the final shape match volume. Very little change in total
volume is required after the initial inflation step. (b) IPAM length is controlled to
match the distance between the two triangles on the sampled target mesh. Each
color corresponds to an IPAM, with the target value for each IPAM shown as a
dashed line. The orange line corresponds to the IPAM attached to the face, while
the other four correspond to IPAMs attached to opposite corners. (c) Jamming
cell curvature for each jamming cell is shown during the control sequence. The
jamming cells are jammed when their curvature metric starts moving away from
the target curvature, after the initial inflation. The color of the line matches the
jamming cell shown on the design and achieved shape at the bottom. The target
lengths of the IPAMs and curvatures of the jamming cells change over time as
the alignment between the current shape and the target shape shifts, altering the
sampled target mesh. (d) After the initial inflation, the control algorithm leads
to improved shape matching over the control sequence according to the PCC,
though no global matching parameter informs the control.
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curvatures are not the same for all four corner [IPAMs because
the simulation mesh, which is used to both sample the target
shape and simulate the shape display, is not symmetric. Thus, the
precise alignment of each IPAM with the corner is not identical.
The initial inflation step is also useful for the control of curvature
achieved by the jamming cells because it creates a larger range of
curvatures, which each jamming cell passes through, allowing
them to fix their curvature closer to their target curvature. In
the cube, this is particularly the case for the two jamming cells
associated with the face-centered IPAM.

From the simulation, we can also obtain the force and strain
requirements for the linear actuators throughout the control
sequence. These data can be used to inform actuator design
by detailing the required specifications for the actuators for a
particular shape display. For the cube, the four IPAMs attached
to the corners are in compression, while the IPAM attached to
the faces is in tension. The compression force required from the
corner IPAMs is greater than the tension force required from the
face IPAM.

V. DESIGN ALGORITHM

Ideally, one shape display would be able to match a wide
variety of target shapes. However, such a versatile display re-
quires a large number of actuators, which is not feasible due to
space constraints in the physical system. Rather than creating a
single, completely general shape display, we instead customize
the design of the shape display to reach a set of desired target
shapes. This allows us to reduce the number of actuators required
to match those shapes well, so our shape display is feasible
to fabricate. To customize the shape display, we developed an
automatic design algorithm that determines a shape display
design consisting of the rest shape of the membrane and the
locations of the linear actuators and jamming cells. Because the
jamming cells lead to path-dependent behavior, a complete con-
trol simulation must be run to determine how well a given design
can match a target shape. Thus, we cannot use gradient-based
optimization algorithms. Furthermore, due to the high number of
degrees of freedom in our device, a genetic algorithm would be
too time intensive. Instead, we implement a greedy algorithm for
actuator placement that adds actuators iteratively to correct the
worst error. In this section, we describe the algorithm and, then,
demonstrate its use for both single and multiple shape matching.

A. General Framework

The design algorithm is shown in Fig. 7 and in Algorithm 1.
The algorithm takes a base mesh, B, target shapes, 11, ...,7T},
and the number of actuators to be added, p. First, it creates
an initial design, Dy, defining the rest shape of the silicone
membrane. The initial design is controlled in simulation to
match each target as well as possible, using the control algorithm
described in the previous section. The final state of the controlled
design for a given target shape is called the achieved shape, S;;.
Then, a set of actuators consisting of a linear actuator and two
jamming cells is added to the design where the error between
the target shape and achieved shape is greatest, resulting in a
new design, D, . The process, then, repeats using the new
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Fig. 7. Design algorithm consists of three processes: Initialization, control to
target shapes, and update design. Together these processes determine the design
(consisting of the rest shape and actuator configuration) and control sequences
so that the shape display can match each target shape.

Algorithm 1: Shape Display Design Algorithm.

1:  function DESIGN(B, T, ..., T}, p)
2: Dy + initialize(B, T4, ...,T,)
3: fori < 0,p— 1do > p is number of actuators
4. emax < 0 > maximum scaled error
5: for j < 1,ndo
6: Si; « control(D;, T;)
7: (ej,t;) <—getMaxScaledError(Tj, S;;)
8: if e; > emax then
9: €max < €5
10: Imax < 1j >index of max error triangle
11: Jmax < J >>index of max error target
12: end if
13: end for
14: topp <—getOtherActuatorEnd(S;;,. , Tj,..» tmax)
15: Dj 1 < addActuatorSet(D, tmax, topp)
16: end for
17:  return D,
18: end Function

design, adding actuators iteratively until a user-specified number
of actuators has been reached.

1) Initialization: In the initialization step (initialize() in
Algorithm 1), the algorithm first centers each target on the
origin. Using the radial sampling technique described in Sec-
tion IV-A, the algorithm constructs an initial design mesh by
radially sampling each target shape using the coordinates of the
vertices in the base mesh. The radius at each vertex is set to
the average of the sampled target radii after compensating for
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the difference in volume between targets. Finally, this rest shape
is scaled down to have a volume less than the smallest shape.
This initialization is based on the assumption that the membrane
will expand uniformly, radially outward upon inflation, without
taking into account the complex deformations that will actually
occur. The final downscaling is included to guarantee that the
surface is in tension, avoiding wrinkling, which is challenging
to model and not a feature of any of our target shapes. This rest
shape, with no actuators other than main chamber inflation, is
the initial design.

2) Control to Target Shapes: Following the initialization and
using the control algorithm described in Section I'V-B, the initial
designis controlled to match each target shape as well as possible
reaching the achieved shape, S;; (control() in Algorithm 1). The
control step for the first design consists only of inflating the main
pressure chamber such that the volume of the achieved shape
matches the volume of the target shape. For subsequent designs,
this step may include actuating linear actuators and jamming
cells.

3) Update Design: The design is updated by adding a linear
actuator and two jamming cells to the design according to
the following method. Once again using the radial sampling
technique of Section I'V-A, the error between the sampled target
shape radius and the achieved shape radius is computed for
the center of each triangle in the mesh and for each target
shape (getMaxScaledError() in Algorithm 1). This error is scaled
to compensate for differences in volume between the target
shapes. The triangle with the greatest absolute error across all
target shapes is chosen as one attachment point of the linear
actuator.

Next, the other attachment point of the linear actuator is
chosen according to the following criteria evaluated only for
the target shape that had the maximum error (getOtherActua-
torEnd() in Algorithm 1). In order to avoid collisions with the
surface, the opposite triangle is constrained to be approximately
across from the maximum error triangle. Specifically, the angle
between the vectors connecting the origin to the maximum error
triangle and the origin to the other triangle must be at least
120°. From the triangles satisfying this constraint, we choose
the triangle with the greatest error with the same sign as that of
the greatest error, since the linear actuators cannot push on one
end while pulling on the other. This triangle becomes the other
linear actuator attachment point.

Finally, jamming cells are added to the surface by adding
the triangles within a prescribed radius of the linear actuator
attachment points excluding triangles that are already part of
another jamming cell (addActuatorSet() in Algorithm 1). By
adding jamming cells in this way, the jamming cells can be
thought of as providing a variable radius of influence for each
linear actuator. When jammed, the linear actuator pushes or pulls
on the whole jamming cell area, while when not jammed, the
linear actuator primarily pushes or pulls only on the triangles to
which it is directly attached. New linear actuators are restricted
only to areas where there is not already a jamming cell or linear
actuator attachment.

The process of controlling the design to match the target
shapes repeats. A new maximum-error triangle is found, and
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the iterative process of adding sets of actuators continues until
the number of actuators defined by the user is reached. The PCC
is computed for every achieved shape.

B. Single Target Shape

To demonstrate the iterative actuator placement part of the
algorithm (not including initialization) in an intuitive way, we
can use a predetermined rest shape and a single target shape. For
example, in Fig. 8§, we show the progression of the algorithm
for a cube starting with a spherical rest shape. The algorithm
places the actuators one at a time, attaching the linear actu-
ators to triangles aligned with the corners of the cube. This
example shows that for simple shapes, the algorithm matches
what we would intuitively design. Also, the design algorithm
and the control sequence are able to match the shape well, and
the achieved shape matches the target shape more closely with
each additional actuator set, as we see in Fig. 9.

Similarly, we can run the design algorithm for a single target
shape with a predetermined rest shape for other target shapes and
evaluate the shape matching for each as shown in Fig. 10. As
expected, the algorithm places the actuators in different locations
given the different target shapes. For these examples, we can see
that targets with sharper points tend to require higher actuator
forces when starting with a spherical rest shape.

C. Multiple Target Shapes

The design algorithm can also be used to design a shape
display that can reach more than one shape. This case uses the
full design algorithm including the initialization step. In this
multishape case, when adding a set of actuators, the algorithm
finds the largest radial error across all targets after the error is
normalized to the target volume. The algorithm adds the set of
actuators according to the errors in that shape only, ignoring
errors in the other achieved shapes. The linear actuator can
theoretically be made to have no impact on the achieved shape
for these other target shapes. By pressurizing the linear actuator
such that its natural length is the distance between the triangles of
the surface without the actuator, the added linear actuator will
not apply any forces to the surface. Thus, adding an actuator
set, which addresses the maximum error for one target shape,
should not negatively influence the shape matching of the other
target shapes. However, the control algorithm does not take
this approach and instead uses all available actuators in for
each target shape, so we do not have this strict guarantee. This
approach allows us to take advantage of each actuator in every
shape, rather than using only a subset of the actuators to reach
each target shape.

We evaluated multiple target shape matching for different
combinations of shapes. These results are presented in Fig. 11.
The design algorithm was run for each subset of the four target
shapes used: oval, pear, heart, and cube. The resultant design and
the achieved shape for each set of target shapes are shown. The
algorithm used five actuators, so these results can be compared
to those in Fig. 10 for single shape matching. With multishape
matching, the rest shape of the design is an average of the target
shapes. By averaging the target shapes, we achieve reasonably
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a predefined spherical rest shape is used, while linear actuators (black) are added to the triangle with the greatest radial error. Jamming cells, shown as colored
sections, are added around each linear actuator attachment point to control the curvature. The target shape is used to compare the shapes in both the control and
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Fig. 9. For the cube example shown above, we can see that PCC, which

measures the similarity between the target and the achieved shape, increases
with each iteration of the design algorithm loop. As we would expect, each of
the four corner actuator sets has a greater impact on the shape matching than the
final linear actuator, which attaches to opposite faces of the target cube shape.
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Fig. 10.  Single shape matching algorithm results for different shapes. The
design for each target shape uses the same spherical rest shape, but the design
algorithm places actuators in different positions to achieve good matching for
each target shape. The achieved shapes approximate the target shapes well, as
shown with the fit as measured by the PCC.

good matching before adding actuators, and the actuators can,
then, be used to address differences between the target shapes.

While the number of actuators that can be used in a physical
device is limited due to space constraints, we also tested how the
design algorithm would perform with more actuators. For three
of the multishape matching cases, we ran the design algorithm
using 20 linear actuators and 40 corresponding jamming cells.
The results are shown in Fig. 12. The area of each jamming cell
was reduced by a factor of four relative to that used in Fig. 11,
so the total surface area covered by jamming cells was similar in
the final configuration (not accounting for overlaps). From these
results, we see that more actuators help achieve better matching,
although the quality of shape matching levels off after a certain
point with only minor improvements after that point. This is
reasonable because the major features may be captured by a
small number of actuators. There is some actuator sharing, which
can be seen from the fact that adding the oval as a target shape
in Fig. 12(c) does not require additional actuators for similar fit
quality relative to the test shown in Fig. 12(b).

D. Hardware Validation

Finally, we validated the design and simulation by building a
physical shape display for a multishape matching case with two
target shapes, an oval and a heart. Fig. 13 shows the progression
of the design sequence for these shapes as actuators are added.
The physical shape display can be constructed according to the
design and actuated according to the results of the simulated
control algorithm. To manufacture the device, two 3-D printed
molds were made based on the design for the inner and outer
silicone membranes. The molds were in the shape of the rest
shape of the device (scaled radially to allow for the thickness
of the jamming cells) and included features at points where
IPAMs were attached. The silicone membranes were made by
brush molding silicone rubber (Eco-flex 00-30, Smooth-On,
Inc., Easton, PA). The boundaries of jamming cells were made
of silicone and their locations were approximated using the
IPAM attachment points. These boundaries were manually glued
onto the silicone membrane using Sil-Poxy (Smooth-On, Inc.).
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Fig. 11. Design algorithm was used to produce designs to match subsets of the target shapes. Each row of this table shows a design produced by the design
algorithm as well as the simulated achieved shapes resulting from that design. Each design places five IPAMs and ten jamming cells. The impact of the initialization,
which averages the two target shapes radially, can be seen in the different rest shapes of the designs. As more targets are added, the fit of each target, measured by
the PCC and shown as the color behind each mesh, declines. The shapes are shown in the orientation they were in during the design algorithm.
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Fig. 12. Design algorithm was tested with a high number of actuators for
three multishape matching cases: (a) Two target shapes, the oval and the cube,
(b) three target shapes, the cube, the heart, and the pear, and (c) four target shapes,
the oval, the heart, the cube, and the pear. The additional actuators improve the
shape matching, as measured by the PCC, though the shape matching levels off
once a critical number of actuators have been added.

The outer membrane was attached to the top of the jamming
cell boundaries, and the jamming cells were filled with coffee
grounds as the outer membrane was attached. A control sequence
for the device was created from the simulation consisting of
linear actuator lengths and main chamber pressures at time
points when the jamming cells were jammed. The resulting
shapes corresponding to the oval and heart are shown in Fig. 14.

To validate the model and the design algorithm, we compared
the physical, actuated shape to that predicted by the model. We
scanned the shape using a Microsoft Kinect and used Microsoft’s
Kinect Fusion [46] to reconstruct the surface of the shape display.
The shape display surface was manually extracted from the
scene, and the shape was roughly aligned to the model. Then,
an iterative closest point algorithm [47], [48] was used to align
the scanned mesh to that of the model. The radial sampling
method was used to compare the scanned shape to the simulated
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Fig. 13.  Example of multiple shape matching. (a) Table of the target shapes,

intermediate and final designs, and intermediate and final achieved shapes. This
design, which was used for the hardware validation, is different than that shown
in Fig. 11 for the same target shapes because it uses only four IPAMs, and
it uses larger radius jamming cells. The shapes are also shown in a different
orientation. (b) PCC of the shapes as the algorithm progresses is shown. As
more linear actuators (IPAMs) are added to the design, the fits of both target
shapes improve, as seen both in achieved shapes and in the PCC.

achieved shape and to the original target shape for both the oval
and the heart. The results are reported in Fig. 14. The region
of the surface where the pneumatic tubes exit the interior of
the device was not included in the scan. This region and some
of the surface surrounding it were not visible during the scan
due to occlusions. The percentage of the surface included in the
scan is also shown in Fig. 14. To determine the effectiveness of
this measurement technique, we also measured an acrylonitrile
butadiene styrene (ABS) mold made with a MakerBot Replicator
2 used in the shape display construction and compared it to the
model that was used to print it. This method resulted in a PCC
of 0.99, a mean absolute radial error (MARE) of 0.09 cm, and a
mean percent radial error (MPRE) of 1.6%, indicating that the
method produces reliable measurement results.

E. Discussion

Based on the validation results shown in Fig. 14, we see that
the physical shape display has good correspondence with the
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Fig. 14. Example of the hardware designed by the algorithm and actuated
using the control sequence determined by the algorithm. The targets and design
are those shown in Fig. 13. The achieved shape from simulation show the
position of the IPAMs, which can be seen in the picture of the hardware.
The hardware is scanned using a Microsoft Kinect, and the amount of the
surface that is scanned reported. The error is shown between from the hardware
to the simulated achieved shape and to the original target shape are reported,
with the PCC, MARE, and MPRE reported.

modeled display, with MAREs between the scan of the device
surface and the model averaging less than 10% relative to both
the simulated achieved shape and to the original target shape.
There are a variety of sources of error possible between the
physical device and the model. Much of the manufacturing
process was manual, which could have led to errors. For ex-
ample, the alignment of the outer membrane with the inner
membrane and IPAMs was approximate. Also, the jamming cell
placement was not as precise as in the simulation. Additionally,
the model did not capture the interactions between IPAMs in the
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interior of the device. Since the IPAMs must bend around each
other, they do not always provide the direct pushing or pulling
force that was modeled. The model also does not account for
the variation of the stiffness across the surface of the device
caused by the silicone that separates the jamming cells and
the Sil-Poxy required to secure them. These inconsistencies in
the surface material properties likely contribute to some of the
wrinkles that can be seen on the surface of the Kinect scans,
particularly around features such as the IPAM attachment points
and jamming cell edges. The part of the device surface where
the air tubes exit the interior, which consists of a thick silicone
plug of about 5 cm diameter, was also not modeled.

The design algorithm automatically determines a rest shape
and places actuators to reach a variety of target shapes. For the
shapes with predictable actuator placement, such as the cube,
the algorithm matches our intuition for where actuators should
be placed. For the multiple target case that was used for physical
validation, we can see from the PCC plot (see Fig. 13) that even
though an actuator was placed to address error in only one of the
target shapes, it could also contribute to the shape matching in the
other shape. The first actuator in particular was placed according
to error in the oval, but the heart sees great improvement as
well from that actuator. Additionally, the initialization improves
the initial fit dramatically. This leads to a more effective use
of the actuators, since they can address differences between
the target shapes, rather than just differences between the rest
shape and the target shape. The final fit of the designed display
to the target shapes is also sensitive to the initial alignment of
the target shapes, since we do not allow rotation prior to running
the design algorithm.

The results in Figs. 11 and 12 show the potential and limita-
tions of the design algorithm for matching multiple target shapes,
including both similar shapes, such as the oval and heart, and
dissimilar shapes, such as the pear and the cube. For shapes with
prominent discrete vertices, such as the cube, the position of the
actuators is critical. Thus, with only five actuators and more than
two target shapes, the cube is not able to align the actuators with
its corners, and its shape matching quality declines. However, if
more actuators can be used, the cube match improves. Shapes
with less prominent vertices seem better able to use added
actuators to counter error than other target shapes. Since this
hardware design limits the possible number of actuators due to
space constraints, it is better suited to shapes with less prominent
distinct vertices.

While the IPAM linear actuators can both push and pull, we
found pushing to be a more important actuation direction in
achieving shapes similar to the target shapes. The highest forces
in the linear actuators were in the pushing direction for all of the
single shapes tested. This reflects the fact that most of the tested
shapes had convex features, rather than concave. The pear does
have a concave section on its bottom, and the linear actuator
that was automatically placed there was in tension to produce
this feature. Both the design algorithm and the metrics used
to evaluate the shape matching relied on a radial conception
of the device. This limits the potential shapes that can be de-
signed for and achieved. Also, the size of triangle elements in
our mesh limit the level of surface detail. For more complex
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shapes, surface actuation approaches may be more appropriate.
A surface-based approach may also be able to better capture
specific features of the shape, such as edges or corners, that
affect human perception.

The complex control of our device, primarily due to the
path-dependent nature of the jamming cells, limits the avail-
able options for design optimization. Evaluations of the fit are
expensive because they are dependent on both the design of
the shape display and the result of the closed-loop controller,
and we cannot take a gradient in the design space. Genetic
algorithms are appealing for such gradient-free optimization, but
a large number of parameters would require a large population
and many generations to converge to a good solution, leading
to many fitness evaluations and long optimization times. In
contrast, our greedy iterative algorithm depends only on the
number of target shapes and the number of linear actuators to
add. Thus, the algorithm can run much more quickly than would
be possible with a genetic algorithm.

VI. CONCLUSION

In this article, we described a novel 3-D haptic shape display, a
mass-spring model of the device, a control algorithm to drive the
device to match a given target shape, and an automatic design
algorithm that determines the shape and actuator location of
the device to make the shape display capable of matching a
small set of target shapes with a small number of actuators.
The design extended previous work in haptic jamming surfaces,
making the device fully 3-D using soft pneumatic actuators. The
control algorithm used local actuator information to effect global
improvement in shape matching. The design algorithm took
advantage of computational modeling to achieve reasonably
good shape matching with a small number of internal actuators,
though this shape matching was limited for shapes that have
many prominent vertices.

Many avenues are open for future work, both in device design
and in algorithm development. For the device, alternate actuation
techniques could provide the ability to reach a wider variety of
shapes. More compact actuation would allow a higher number
of actuators to be used, which would make each display more
versatile and could make the shape matching more precise.
Adding sensing to the hardware, in particular, embedded surface
sensing, would allow for feedback control and could enable the
device to collect information on the user’s interaction with the
device. Additionally, the target mechanical properties of the final
shape could be taken into account, which would more directly
include the particle jamming feature in the design. For design
automation, other algorithms may be more appropriate. Search
algorithms that explore more complex actuation sequences could
exploit the path-dependency of the jamming cells. Alternatively,
avoiding this path-dependency could allow for an approach
based on a force equilibrium, which could speed up simulation
and lead to gradients useful for design optimization. A different
parameterization of the shape surface may prove well-suited
to genetic algorithms, which would allow for a more thorough
search of the design space.

In order to use the device for the proposed applications, a
few key developments would be needed. For organ simulation
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for palpation training, the ability to modulate the stiffness of
the device to match particular disease states is critical, because
stiffness is an important element for diagnosis via palpation.
This stiffness modulation could result from responsive actua-
tion, which would require sensing, or use of the jamming cells
for stiffness control instead of shape control. Including target
stiffness states in addition to the target shapes would extend
the potential usefulness of the design algorithm, but significant
modifications would be needed. A user evaluation of the device
by expert practitioners would also be essential to develop the
shape display into a useful tool, for example, for organ simu-
lation. For virtual and augmented reality applications, in which
the device could be used as a form of digital clay, shape and
surface sensing would be needed to enable bilateral interaction
with a virtual model. It would be important to identify the
required versatility of a design that would be sufficient for these
applications. Finally, understanding human haptic perception of
shape would inform the design requirements for a general shape
display.
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