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Abstract 
Interactive surfaces have garnered significant attention in Human-
Computer Interaction, with fluid-driven actuators being a promis-
ing actuation technology due to their flexible form factors and 
multimodal interactivities. However, traditional fluid-driven sys-
tems typically rely on bulky and noisy electromechanical hardware, 
limiting their portability and practicality. While recent work has 
introduced compact hydraulic actuators like electroosmotic pumps 
(EOPs) in haptic devices, their potential for building multifunctional 
interactive surfaces remains largely unexplored. 

In this work, we present MorphingSkin, a skin-like platform that 
integrates multiple, multimodal hydraulic actuators using flexible 
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EOPs as lightweight and self-contained fluidic actuators. We in-
troduce the architecture of MorphingSkin and its versatile design 
space for multimodal actuation in force, shape, optical, and weight 
domains. We demonstrate interactive and robotic applications that 
integrate multiple actuators working collectively within a single 
MorphingSkin device. Through this work, we envision the future 
of using MorphingSkin technology for interactive surfaces that in-
tegrate flexible form factors and multimodal actuation capabilities. 
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1 Introduction 
Interactive surfaces have garnered significant attention within the 
field of Human-Computer Interaction (HCI), which are capable 
of providing multimodal physical interactions on object surfaces 
and human bodies for a wide range of applications, such as tangi-
ble displays [24], haptic wearables [10], and robotic interfaces [8]. 
Among the various technologies employed to realize interactive 
surfaces, fluid-driven actuators (i.e., pneumatic and hydraulic ac-
tuators) have attracted increasing interest due to their distinctive 
advantages. The inherent fluidity of the working medium allows 
such interfaces to conform to complex geometries [35] or adapt to 
flexible, reconfigurable shapes [44]. In addition, the flowing behav-
ior of the working material enables dynamic transformations of 
various physical properties on object surfaces, such as color [42], 
shape [66], temperature [72], and weight [43], as different interac-
tion modalities. 

Despite these benefits, traditional approaches to actuating and 
controlling fluid-driven systems typically rely on bulky and noisy 
electromechanical pumps and valves, which limits the possibility 
for portable and practical designs [35, 66, 72]. In response to these 
challenges, recent research in the domain of hydraulic actuators 
has explored the usage of lightweight and self-contained fluidic 
actuators that are capable of eliminating the usage of rigid, mechan-
ical moving parts [5, 49]. These fluidic systems are mostly driven by 
high-voltage power sources, eliminating the need for mechanical 
pumps. Among these advanced hydraulic actuators, electroosmotic 
pumps (EOPs) stand out for their compact multilayered structures 
that generate electrokinetic flow directly in response to voltage 
signals, typically below 1kV [70]. Although prior work has explored 
utilizing EOPs to develop shape-changing actuators for haptic but-
ton [48], display [55], and gloves [53], we see an underexplored 
opportunity to expand the usage of EOPs beyond rigid, panel-based 
displays, toward supporting richer interaction modalities and func-
tionalities highlighted by the fluidic-driven actuators. 

In this work, we present MorphingSkin, a skin-like platform that 
integrates multiple, multimodal hydraulic actuation using flexible 
EOPs as lightweight, self-contained fluidic actuators. We introduce 
the overall architecture of MorphingSkin, including the flexible 
EOPs and the surrounding elastomeric structures, which together 
span a versatile design space for multimodal actuation in force, 
shape, optical, and weight domains. We next demonstrate a wide 
range of applications using MorphingSkin as an interactive sur-
face in robotics, wearables, and physical interaction contexts, each 
utilizing multiple actuators that work collectively within a single 
MorphingSkin device. We then detail the fabrication process for 
MorphingSkin devices with customized shapes and both flexible 
and partially stretchable form factors, along with a portable driv-
ing hardware system that enables untethered operation. Lastly, we 
present technical evaluations of the MorphingSkin system, which 
show comparable hydraulic performance to prior work. Through 

this work, we envision the future of using MorphingSkin technol-
ogy for interactive surfaces that integrate flexible form factors and 
multimodal actuation capabilities. 

2 Related Work 

2.1 Interactive surfaces and skins 
Interactive surfaces have been a widely explored topic in HCI, which 
embed multimodal physical actuation or sensing capabilities on 
the surfaces of everyday objects or the human body. Among these, 
interfaces that feature thin, flexible, or untethered form factors 
allow themselves to conform seamlessly to various surfaces, further 
extending their potential as a universal, interactive second skin. 

For instance, on object surfaces, researchers have explored attach-
ing shape-changing devices to enable a wide range of applications, 
including haptic feedback [7, 9], information communication [8], 
kinetic motion [65], or modulation of the physical environment 
such as illumination control [1, 14, 22]. Other work has focused on 
adding color-changing materials on object surfaces to alter the phys-
ical appearance [27, 52] or display dynamic information [21, 51]. 
Additionally, some approaches embedded flexible electronics on ob-
ject surfaces to support diverse sensing capabilities, such as touch 
sensing [16], object recognition [63], or gesture and activity recog-
nition [57]. 

Similarly, on human skin, various approaches have been studied 
for embedding multimodal interactions. For example, previous work 
has introduced wearable devices that provide force output [10, 39], 
electrical stimulation [59, 62], texture changes [20], thermal feed-
back [19, 46], or friction modulation [41], offering rich multimodal 
haptic experiences. Other research has utilized color-changing or 
shape-changing materials to create wearable artifacts or on-skin 
displays for different types of functional appearance, such as infor-
mation encoding [25, 33], humidity regulation [67], or personalized 
expression [12, 30, 32, 56]. Furthermore, extensive research has 
focused on integrating electronics with textiles to realize sensing 
capabilities, such as posture tracking [73–75] and physiological 
sensing [40], to enable smart wearables. 

Our work builds upon these prior works by introducing a new 
approach to develop a flexible, skin-like platform that integrates 
multimodal actuation capabilities. 

2.2 Fluid-driven actuation 
Among the various technologies to realize interactive surfaces, 
fluid-driven actuators (i.e., pneumatic and hydraulic actuators) have 
garnered increasing attention due to their distinctive advantages. 
Firstly, the inherent fluidity of the working medium allows these 
interfaces to adapt to complex, flexible, and reconfigurable geome-
tries, making them well-suited for applications on complex object 
surfaces [45] or the human body [36]. 

More importantly, the flowing behavior of the working fluid 
enables dynamic transformations of a range of physical properties 
that serve as the foundation for multimodal actuation. For instance, 
extensive work has utilized pneumatic actuators [23, 31, 38, 66, 71] 
and hydraulic actuators [7, 64] in different designs to achieve shape-
or texture-changing surfaces. Other work has explored controlling 
the colored fluid distribution [2, 35, 42, 58] or modulating the fluid 
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Figure 1: MorphingSkin. A skin-like platform that integrates multiple hydraulic actuators based on flexible electroosmotic 
pumps, providing multimodal actuation capabilities, spanning force, shape, optical, and weight domains, which enables a wide 
range of applications, including actuating surfaces on (b-c) companion robots and (e) gripper fingers, (f) multimodal wearables, 
and physical interaction contexts such as (g) dynamic lampshades and (h) tangible displays. 

transparency [26] to enable dynamic visual appearance on 3D ob-
jects. In addition, works such as MobileGravity [28], PumpVR [29], 
and See-Saw [43] utilize liquid mass transfer to alter weight distri-
bution for haptic feedback in VR experiences or physical kinetic 
installations. Thermotion [72], Thermaterial [69], and Thermina-
tor [17] use fluids as thermal media to program surface temperature 
or deliver dynamic thermal haptic feedback. Chemical Haptics [37], 
Logic Bonbon [11], and Taste Retargeting [3] utilize fluids as chem-
ical carriers, providing multimodal haptic or gustatory feedback on 
the human body. 

Inspired by these prior works, our work explores integrating 
multiple types of hydraulic actuators into interactive surfaces to 
achieve flexible form factors and multimodal actuation capabilities. 

2.3 Electrical-hydraulic actuators 
Traditional approaches to actuating and controlling fluid-driven 
systems often rely on bulky and noisy electromechanical pumps 
and valves, which limits their feasibility in portable or practical 
applications [66, 72]. Research in pneumatic systems has pursued 
multiple approaches for lightweight actuation solutions [15, 54]. 
Similarly, recent advances in hydraulic actuators have also focused 
on building compact, self-contained actuators to eliminate rigid 
mechanical moving parts. 

One type of technology is Hydraulically Amplified Self-Healing 
Electrostatic (HASEL) actuators, which couple electrostatic and hy-
draulic forces to support a variety of actuation modes [49]. These ac-
tuators have been widely used in building haptic displays [7, 13, 34, 
50] and robots [4, 47, 68] for their fast and remarkable force output. 
Another branch involves Electrohydrodynamic (EHD) actuators, 
which generate continuous electrokinetic flow with dielectric fluids 
based on electrochemical reactions under high electric fields [5]. 

Researchers have employed EHD actuators to create modular toolk-
its [44], dynamic displays [2, 26], as well as soft robots [60]. How-
ever, the aforementioned actuators typically require high-voltage 
power supplies (500V–10kV) or lack the compactness for integration 
within thin, skin-like platforms. 

In contrast, Electroosmotic Pumps (EOPs) stand out for their 
compact, multilayered structure capable of generating electroki-
netic flow under relatively low voltages (typically <1kV) based 
on the intrinsic electrical double layer. In the HCI field, Shultz et 
al. [55] utilized EOPs to develop thin-panel displays that integrate 
an array of shape-changing actuators for haptic feedback. Shen 
et al. [53] used EOPs in miniature designs to create lightweight, 
high-resolution shape-changing fingertip arrays for multi-type tac-
tile experiences in VR applications. Rae-Grant et al. [48] developed 
dynamic tactile buttons based on EOPs that provide fast response 
and closed-loop deformation control. 

While EOPs have demonstrated potential in haptic interfaces, we 
see an underexplored opportunity to expand the usage of EOPs be-
yond rigid, panel-based displays, toward supporting richer interac-
tion modalities and functionalities highlighted by the fluidic-driven 
systems. 

In this work, we present MorphingSkin, a skin-like platform 
that utilizes flexible EOPs as lightweight, self-contained hydraulic 
actuators, integrating multiple, multimodal hydraulic actuation. 

3 MorphingSkin Mechanism 
To apply the EOP technique to our envisioned flexible and mul-
timodal interface, a tailored structural composition is presented. 
In particular, the design consideration of the flexible EOP layer 
with the integrated flexible and partially stretchable EOP circuit is 
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Figure 2: (a) MorphingSkin structure composition, including the coated EOP layer, output layer (colored in pink), reservoir 
layer (in blue), connection layer, and the working fluid path (by white dashed curves), all designed using flexible or stretchable 
materials and structures. (b) Three configurations of the working fluid path, including Collinear, Coplanar-Front, and Coplanar-
Rear configurations. 

unique to this project. In addition, we modularize essential func-
tional components to allow design flexibility to customize the out-
put modalities and form factors for different applications. 

3.1 Structure composition 
In this section, we introduce the structure composition of Mor-
phingSkin. As shown in Figure 2a, the MorphingSkin structure is 
centered around a middle EOP layer, which integrates multiple in-
dependently controlled EOP units. Various types of elastic shells are 
attached to both sides of the EOP layer, functioning as output layers, 
reservoir layers, or connection layers, and enclosing the working 
fluid inside that serves as the actuation medium. The entire skin is 
designed using flexible or stretchable materials and structures. We 
detail the key structural components below: 

The EOP circuit is the embedded electronic circuit containing 
multiple EOP units, each of which follows the basic structure con-
sistent with prior work [48, 55, 70], consisting of two face-to-face 
mesh-patterned electrodes that sandwich a pumping membrane 
and an adhesive layer, as shown in Figure 2a. The two electrodes 
are individually routed to the connector on their respective circuit 
boards, enabling independent voltage control across each electrode 
pair. In this work, we employ flexible printed circuits (FPCs) as 
the base circuit board and use stretchable interconnect patterns to 
provide overall flexibility and partial stretchability to the system. 
The pumping membrane serves as the substrate in contact with 
the working fluid, collectively forming the intrinsic electric double 
layer to produce the electroosmotic flow under applied electric 
fields. The adhesive layer ensures bonding and sealing between 
the paired electrodes. The detailed design parameters for the EOP 
circuit are presented in Section 6.1.1. During operation, each EOP 
can be independently actuated by applying voltage, pumping the 
working fluid to either side. 

The EOP layer consists of the EOP circuit coated with stretch-
able materials, forming the structural backbone of MorphingSkin, 
as shown in Figure 2a. This layer also serves as a continuous barrier 

that separates the elastic shells on both sides of the device, while 
the electrode mesh regions remain exposed to allow working fluid 
to pass through. When needed, additional fluidic vias are designed 
to facilitate cross-layer fluid transport. 

The output layer is a type of elastic shell attached to the EOP 
layer, designed to provide functional actuations when the working 
fluid is pumped into or out of the shell through the embedded EOPs. 
By varying the shell geometry (e.g., volumetric cavities or fluidic 
channels, shown in Figure 2a), as well as the material stiffness 
and transparency, the output layer enables a variety of actuation 
modalities (e.g., force generation, shape changes, or optical changes). 
The design space of these multimodal actuation is detailed in Section 
4. 

The reservoir layer is another type of elastic shell attached to 
the EOP layer, designed to store and supply working fluid for the 
EOPs in the MorphingSkin device. Typically, the reservoir layers 
are composed of soft, sagging elastic bags that passively deform to 
balance the internal pressure with the atmospheric pressure during 
fluid transport. Note that multiple EOPs may share a common 
reservoir layer to save space and the working fluid, as shown in 
Figure 2a. 

The connection layer is a thin, planar elastic shell engraved 
with millifluidic channels, enabling in-plane fluid transfer on either 
side of the skin. Each fluidic channel terminates at either an exposed 
electrode region or a fluidic via on the EOP layer, connecting the 
EOPs and the elastic shells on different locations, as shown in Figure 
2a. To prevent flow blockage when the internal pressure decreases, 
small structural supports are added on the wall opposite to EOP 
electrodes to ensure enough spacing for fluid transport. 

The working fluid functions as the fluidic medium for actuation 
throughout MorphingSkin. It is typically distributed within the 
elastic shells and remains in contact with the embedded EOPs via 
the exposed region on the EOP layer. When voltage is applied to an 
EOP, the working fluid is then transferred across the EOP, enabling 
functional actuation. 
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In addition, the presented structure is compatible with the in-
tegration of other functional electronic components, such as the 
heart rate sensors and touch buttons shown in the later application 
section. 

3.2 Hydraulic actuator and working fluid path 
In the complete MorphingSkin system, each EOP is connected to 
one output layer and one reservoir layer through either side (an 
intermediate connection layer may be used for fluidic routing). Dur-
ing operation, the EOP pumps the working fluid either from the 
reservoir layer to the output layer or in the reverse direction, which 
in turn alters the fluid mass, as well as the hydraulic pressure within 
the output layer, resulting in pre-programmed functions such as 
shape changes. Thus, each EOP, together with its adjoining out-
put layers and reservoir layers, constitutes an individual hydraulic 
actuator within the MorphingSkin. 

Specifically, when the EOP is applied with a voltage that pumps 
the working fluid into the output layer, the fluid mass within the 
output layer increases, and the hydraulic pressure tends to rise to 
a positive pressure relative to the atmospheric pressure. When the 
voltage is reversed, the EOP then pumps the working fluid back into 
the reservoir layer, decreasing the fluid mass in the output layer and 
thereby tending to create a negative pressure within the output layer. 
These positive and negative hydraulic pressures serve as the active 
driving force for the activation and deactivation of each actuator. 
When no voltage is applied, the EOP enters a high-resistance state, 
during which the working fluid can transfer across the EOP under 
high fluidic resistance, gradually balancing the pressure between 
the two sides. 

Within each actuator, the output layer, EOP, and reservoir layer 
are connected in sequence, forming a continuous, reversible, and 
bidirectional working fluid path. Based on the spatial arrangement 
of these components, we classify the fluidic paths into three config-
urations, as shown in Figure 2b: 

(1) Collinear configuration: The output layer, EOP, and reser-
voir layer overlap vertically (Figure 2b1). This design is struc-
turally compact and easy to fabricate, but may result in a 
larger overall thickness. 

(2) Coplanar-Front configuration: The output and reservoir 
layers are located on the same side of the EOP layer, while 
the EOP is covered within the output layer region and con-
nected to the reservoir via a connection layer through the 
back side (Figure 2b2). This layout is well-suited for saving 
vertical space, especially when the reservoirs can be arranged 
laterally alongside the output layer. 

(3) Coplanar-Rear configuration: This configuration is simi-
lar to the Coplanar-Front configuration, but with the EOP 
covered within the reservoir region (Figure 2b3). The lay-
out allows greater design freedom in the positioning and 
geometry of the output layer, e.g., routing it to an area not 
obstructed by the EOP circuit via a connection layer. How-
ever, the expected hydraulic pressure changes in the output 
layer may be weakened due to the self-cushioning or fluidic 
resistance introduced by the connection layer. 

4 Multimodal Actuation Design Space 
By varying the design of the multilayer structures, MorphingSkin 
achieves a versatile design space for multimodal actuation, spanning 
force, shape, optical, and weight domains. In this section, we detail 
the structure design and the actuation behavior of each actuation 
modality. Note that, unless otherwise specified, all demonstrations 
in this section were conducted at a driving voltage of ±250 V. Details 
of the driving hardware system are provided in Section 6.2. 

4.1 Force generation 
Even though extrusion and suction through EOP have been intro-
duced in literature [48, 55], here we performed our own experi-
ments to see if such functions are compatible with the flexible EOP 
layer and quantify the resulting forces in our proposed structure 
composition. 

4.1.1 Extrusion. The extrusion modality employs an output layer 
that remains flat in its static state (Figure 3a1). Upon activation, 
the embedded EOP transfers working fluid from the reservoir layer 
into the output layer, leading to an increase in both the volume 
and internal hydraulic pressure of the output layer. When there is 
no external load, the rising hydraulic pressure causes the output 
layer to deform into a dome-like shape (Figure 3a2). When a load is 
present, the output layer functions as a force transmission medium, 
applying an extrusion force to the object it is in contact with. For 
instance, Figure 3a3-4 demonstrates the actuator lifting a 100-gram 
weight. 

4.1.2 Suction. The suction modality employs a bowl-shaped out-
put layer that contains a cavity holding a certain volume of working 
fluid in the static state (Figure 3b1). During activation, the embed-
ded EOP pumps the working fluid from the output layer back into 
the reservoir layer, resulting in a reduction in both volume and 
internal hydraulic pressure within the output layer. This leads to 
an inward deformation of the output layer in the absence of load, 
as shown (Figure 3b2), while enabling it to generate a suction force 
when in airtight contact with an object surface. As shown in Figure 
3b3-4, the actuator is able to apply a suction force to a 100-gram 
weight, suspending it in mid-air. 

4.2 Shape output 
4.2.1 Kinematic Motion. The kinematic motion is built based on 
the extrusion modality, wherein the actuator is integrated into a 
kinematic structure. Upon activation, the generated extrusion force 
is harnessed to drive the movement of the kinematic system. Figure 
3c illustrates the opening motion of a kinematic hinge within 0.54 
seconds, driven by an actuator positioned near the pivot point. 

4.2.2 Kirigami Surface. The kirigami surface modality is also based 
on the extrusion modality. However, it leverages the deformation of 
the output layer to induce texture changes on an overlying kirigami 
surface as it undergoes out-of-plane deformation along with the 
output layer. Figure 3d illustrates the shape change of an auxetic 
surface, laser-cut from copy paper and adhered to the output layer. 
During activation, the entire kirigami surface conforms to the dome-
like shape of the output layer, with regions near the center adap-
tively opening to accommodate the deformation. 
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Figure 3: Design space of multimodal actuation by MorphingSkin, spanning force, shape, optical, and weight domains. Each 
modality is detailed with the 3D models of the structure design (follows the color code in Figure 2a) and the photographs of the 
actuation behaviors. 
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4.3 Dynamic optics 
4.3.1 Reflection. The reflection modality leverages the flow behav-
ior of the colored working fluid within the fluidic channels embed-
ded in the transparent output layer. Figure 3e presents four distinct 
actions achieved by the actuator, in which the output layer incor-
porates multilayer fluidic channels [42] that sequentially display 
the characters ’U’, ’I’, ’S’, and ’T’. This actuation enables changes 
in the reflective optical appearance of a material surface, which, in 
contrast to light-emitting displays (e.g., LEDs), may provide a more 
tangible and ambient form of visual feedback. For all the reflective 
actuations designed throughout this paper, the actuation voltage is 
set to ±50 V to achieve an appropriate flow rate for the animation. 
Notably, the output layer in this case can also remain open to the 
atmosphere to balance internal pressure, allowing the fluid distri-
bution, as well as the visual pattern, to be preserved even after the 
power is turned off. 

4.3.2 Refraction. The refraction modality employs a transparent 
output layer filled with working fluid as the refractive medium. 
As the embedded EOP pumps fluid into or retracts it from the 
output layer, the internal pressure changes accordingly, thereby 
altering both the shape and the optical refractive properties of 
the output layer, functioning as a dynamic soft lens. For example, 
Figure 3f illustrates a circular output layer undergoing inflation 
and deflation activation, resulting in a shape transition between 
convex (Figure 3f1) and concave (Figure 3f2) lens profiles, thus 
producing magnification (Figure 3f3) and minification (Figure 3f4), 
respectively. In this case, the refraction actuator adopts a Coplanar-
Rear Configuration introduced in Section 3.2, where the EOP circuit 
is positioned away from the output layer to prevent blocking the 
light from passing through. 

4.4 Weight manipulation 
The weight manipulation in MorphingSkin relies on the mass trans-
fer of the working fluid across the device, driven by the embedded 
EOPs during activation. For instance, Figure 3g1–4 illustrate a Mor-
phingSkin device comprising five separate output layers connected 
to a shared reservoir. By selectively pumping the working fluid 
into different output layers, the center of mass shifts accordingly, 
causing the seesaw stand to tilt at different angles. 

5 Example Applications 
In this section, we focus on applications that highlight the unique 
qualities of MorphingSkin, including its skin-like thin form fac-
tor, flexibility, conformability, multimodal capabilities, and high 
customizability. We demonstrate how MorphingSkin can augment 
existing rigid surfaces—for example, by enabling a rigid gripper 
with tunable surface textures and contact conditions, or by serving 
as a conformal actuating surface for a companion desktop robot. 
MorphingSkin is also well suited for on-skin input/output inter-
faces. In addition, we explore its use in everyday physical interac-
tion contexts, such as enhancing a tangible interface with dynamic 
multimodal displays and using its dynamic lens to manipulate the 
optical effects of a lamp. The control and driving hardware of these 
demonstrations are detailed in Section 6.2. 

5.1 Dynamic contact conditions for robot skin 
We first demonstrate the application of MorphingSkin as a func-
tional skin for robots with dynamic contact conditions. We pro-
totype a clamp-shaped gripper with two fingers, where the inner 
surface of each finger is embedded with a piece of MorphingSkin 
mounted against a rigid backbone, containing four linearly arranged 
actuators on each finger (Figure 4a). The actuators are implemented 
using a Coplanar-Front configuration, in which the reservoir is 
positioned laterally to reduce overall thickness while gaining struc-
tural support from the backbone. Each actuator can independently 
provide either extrusion, suction, or remain no actuation (Figure 
4b), allowing the gripper to provide three distinct contact condi-
tions: soft contact, suction contact, and hard contact, which match 
the mechanical sensitivities of diverse objects. We demonstrate 
the benefits in a familiar dining scenario that involves challenging 
items such as plates, cakes, and chocolates (Figure 4c). 

Soft contact: For objects that are prone to deform under com-
pression, such as cakes or decorative flowers, the actuators on the 
MorphingSkin can be selectively activated for extrusion, providing 
shape-adaptive, localized soft contact, e.g., on the planar sides of 
a cake (Figure 4d1) or the backside of flower petals (Figure 4e1). 
This allows the gripper to preserve the object’s original shape as 
much as possible while maximizing contact area and providing 
sufficient contact pressure to lift the object by friction. In contrast, 
a conventional gripper with a fixed shape may forcibly squeeze the 
objects to obtain adequate contact, potentially causing unwanted 
deformation or damage, such as crushing the cake’s corners (Figure 
4d2) or distorting the entire flower (Figure 4e2). 

Suction contact: For objects that are difficult to pinch, such as 
the top plate in a stack, or easily marred by gripping, such as delicate 
chocolates, the MorphingSkin actuators can apply suction contact 
under slight pressure for airtightness, allowing lifting forces to act 
outward, normal to the surface, and less invasive to the object. For 
example, Figure 4f1 shows the gripper lifting a piece of chocolate by 
suction contact at the fingertip, which helps avoid surface scratches 
that could result from direct gripping action. Figure 4f2 illustrates 
the lifting of the top plate in a stack through suction contact, which 
could otherwise be challenging for pinching manipulation. 

Hard contact: For rigid and relatively heavy objects that require 
a larger gripping force, the MorphingSkin can operate in a passive 
mode with all actuators remaining inactive to provide hard contact. 
In this mode, the thin layer of the actuators above the finger’s 
side wall is compressed, allowing the applied gripping force to be 
transmitted to the underlying rigid backbone, which provides firm 
support and sufficient contact pressure for lifting friction force. 
As shown in Figure 4g, the gripper lifts a square-shaped spice jar 
using hard contact between the four corners of the jar and the rigid 
surfaces of the finger backbone. 

5.2 Desktop companion robots 
Leveraging a mechanism similar to that of dynamic contact condi-
tions, we then apply MorphingSkin to create a desktop companion 
robot with highly emotional expressiveness. As shown in Figure 
5a-b, a wheel-shaped robot is equipped with circularly arranged 
actuators capable of both extrusion and suction actuation. As a 
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Figure 4: Application of MorphingSkin for robot skin with dynamic contact conditions. (a) The finger of a clamp-shaped gripper 
is embedded with MorphingSkin at the inner surface, (b) which provides extrusion, suction, or no actuation upon the four 
linearly arranged actuators. (c) The gripper provides different contact conditions to match the mechanical sensitivities of 
diverse objects, such as in a dining scenario, including (d-e) soft contact for objects that are prone to deform under compression, 
(f) suction contact for objects that are difficult to pinch or easily marred by gripping, and (g) hard contact for rigid and relatively 
heavy objects that require larger gripping force. 

result, the collective actuation strategies can be mapped to a few 
distinct emotional expressions. 

Calm emotion: This emotion is expressed when the robot pe-
riodically activates the exposed actuators to rapidly extrude and 
then gradually retract in a passive manner, simulating a rhyth-
mic, breathing-like motion (Figure 5c1-3). During this period, users 
are invited to gently touch the MorphingSkin to experience the 
biomimetic and relaxing haptic sensations rendered on the robot’s 
surface (Figure 5c4). 

Frightened emotion: This emotion can be triggered by an unex-
pected physical touch or hit from the user (Figure 5d1). In response, 

the robot rapidly engages suction actuation across the entire ring 
of actuators, which simultaneously expresses a “defensive” posture 
(Figure 5d2) while producing an attachment behavior to the ground, 
mimicking the “freeze” response associated with fear. Once adhered 
to the ground, the robot remains in place even when gently poked 
by the user (Figure 5d3-4). 

Excited emotion: This emotion is enabled by locomotion through 
cyclical extrusion actuation. The extrusion force generated by actu-
ators in contact with the ground lifts the robot itself and induces a 
rolling motion to the side (Figure 5e2-3). This dynamic movement 
might be used to simulate an energetic or playful mood. 
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Figure 5: Application of MorphingSkin to create a desktop companion robot. (a) A desktop robot is designed using MorphingSkin 
as the body, containing circularly arranged actuators for extrusion and suction actuation. (b) Photograph of the desktop robot, 
which conveys highly expressive emotions, including (c) clam emotion based on periodical breathing-like extrusion actuation, 
(d) frightened emotion that engages suction actuation to express a "defensive" posture and "freeze" to the ground, (e) excited 
emotion based on locomotion by extrusion actuation, and (f) mischievous characteristic by interaction with surrounding 
objects. 

Mischievous characteristic: This nuanced characteristic is 
enabled by the robot’s interaction with surrounding objects through 
both suction and extrusion actuation. In this example, the robot 
first attaches to a user’s item via suction and moves along with it 
(Figure 5f1-2), then pushes and releases the item through extrusion, 
allowing the user to retrieve it (Figure 5f3-4). This sequence portrays 
a playful and curious interaction pattern, mimicking a mischievous 
characteristic. 

5.3 Multimodal wearables 
In this section, to demonstrate the application of MorphingSkin in 
multimodal wearables, we present an interactive wrist brace that 
integrates both haptic and visual feedback. 

Haptic feedback: We design two groups of extrusion actu-
ators on the MorphingSkin, positioned on both the palmar and 
dorsal sides of the hand, respectively, with each group consisting 
of three actuators that deliver extrusion actuation (Figure 6a-b). 
When activated, these actuators create localized pressing sensations 
(described as “massaging feelings” by the volunteers during the 
test) on the skin (Figure 6c). All six actuators can be independently 
controlled to render spatio-temporal haptic feedback animations. 

Visual feedback: We implemented two reflective displays lo-
cated on both the inner and outer sides of the wrist (Figure 6a-b). 
The inner wrist features a red and continuous linear display bar 
that can represent continuously changing data, such as heart rate 
intensity or other physiological signals (Figure 6e). The outer wrist 

features a patterned blue display bar designed to convey more com-
plex information, such as counters or timers (Figure 6d). Compared 
to light-emitting displays such as LED screens, these reflective dis-
plays serve as ambient displays that might provide more subtle, 
non-intrusive visual feedback, appearing to blend seamlessly into 
the human skin. 

In addition, to demonstrate the compatibility of our Morph-
ingSkin with existing electronics, we also integrated input and 
sensing modules into the wrist brace, including a heart rate sensor 
on the inner side of the wrist (Figure 6f1) and two touch buttons 
on the outer side of the wrist (Figure 6f2). 

By collectively using both the multimodal actuators and the 
integrated sensors, the MorphingSkin wrist brace can support a va-
riety of application scenarios. Combined with the portable driving 
hardware introduced in Section 6.2, further untethered operation 
is supported. We envision three scenarios using the MorphingSkin 
wrist brace. For example, during yoga practice, the wrist brace can 
deliver sequential pressing feedback on either side of the hand to 
indicate the intended movement direction (Figure 6g). In scenar-
ios such as meditation, the wrist brace can perform synchronized, 
gentle pressing and releasing actions across all actuators, which 
may help users regulate their breathing rhythm (Figure 6h). In both 
cases, users can occasionally glance at the two reflective displays 
to gather useful information, such as checking the exercise ses-
sion progress via the outer display, or understanding the heart rate 
intensity through the inner display. In a different scenario such 
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Figure 6: Application of MorphingSkin in multimodal wearables. (a) An interactive wrist brace is designed using MorphingSkin, 
containing both haptic and visual feedback and integrated sensors. (b) Photographs of the wrist brace in the worn state. (c) 
Haptic feedback by multiple extrusion actuators for spatio-temporal haptic animations. (d) Visual feedback by a reflection 
actuator in a patterned-bar shape. (e) Visual feedback by a reflection actuation in a linear-bar shape. (f) Integrated sensors, 
including a heart rate sensor and two touch buttons. We envision the usage of the MorphingSkin wrist brace in three scenarios, 
including (g) yoga practice, (h) meditation, and (i) outdoor cycling. 

as outdoor cycling, when worn on both hands, the wrist braces 
can provide directional haptic cues, such as activating the haptic 
actuators on the left or right wrist brace to signal a left or right 
turn, and meanwhile present the cycling progress via the reflective 
display on the outer side of the wrist (Figure 6i). 

5.4 Multimodal tangible display 
In this section, to demonstrate the application of MorphingSkin for 
multimodal tangible displays, we present an interactive educational 
book featuring multiple dynamic effects, including refractive and 
reflective visual animations as well as shape movement. As illus-
trated in Figure 7a-b, we use MorphingSkin to develop a "magic 
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Figure 7: Application of MorphingSkin in multimodal tangible display. (a) A "magic page" using MorphingSkin is designed 
for a human anatomy book, providing dynamic effects, including reflective animation, refractive magnification, and shape 
movement. (b) Photograph of the "magic page" placed on the anatomy book with a respiratory-system theme card. (c) Usage 
process of the "magic page" that leverages flexibility for foldable storage. (d) Reflective animation that illustrates the airflow 
through the trachea. (e-f) Refractive magnification that mimics the volume changes of the alveoli. (g-h) Shape movement that 
represents the movement of the lungs and diaphragm. 

page" within a human anatomy book, which illustrates the biologi-
cal functional processes of different respiratory organs. As shown 
in Figure 7c, to use the magic page, the user unrolls the flexible 
magic page, places it on a background page, and then overlays it 
with a themed card representing the respiratory system. 

Reflective animation Based on the reflection actuation, re-
flective visual animation is used to illustrate the airflow through 
the trachea. When activated, the actuator pumps the blue-colored 
working fluid from its reservoir into the trachea-shaped fluidic 
channel, simulating the inhalation phase (Figure 7d1). Upon deacti-
vation, the fluid is withdrawn back into the reservoir, simulating 
the exhalation phase (Figure 7d2). 

Refractive magnification Based on the refraction actuation, a 
visual magnification effect is utilized to mimic the volume changes 
of the alveoli during respiration. When activated, the working fluid 
inflates the output layer, causing it to expand and create a mag-
nifying refractive effect, simulating the alveoli expansion during 
inhalation (Figure 7e1, f1). Upon deactivation, the output layer de-
flates and the refractive effect is reset, simulating alveolar recoil 
during exhalation (Figure 7e2, f2). 

Shape movement Based on the kinematic motion actuation, 
shape movement is designed to represent the movement of the lungs 
and diaphragm. Upon activation, the inflating output layer pushes 
up the overlaid paper element, mimicking lung expansion and di-
aphragm contraction during inhalation (Figure 7g1, h1). When 
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deactivated, the output layer retracts, allowing the paper element 
to recover its original position, simulating lung deflation and di-
aphragm relaxation during exhalation (Figure 7g2, h2). 

Notably, these actuators can be synchronously controlled to 
activate and deactivate, illustrating how multiple organs work in 
coordination within the respiratory system. 

5.5 Dynamic lampshade 
In this section, we demonstrate the application of MorphingSkin as 
a dynamic lampshade based on its multimodal actuation, including 
shape and optical changes, and their interaction with light. 

As shown in Figure 8a-b, we design a lampshade wrapped around 
a non-diffusive light source using MorphingSkin, which contains a 
group of vertically oriented, strip-shaped shape-changing actuators 
functioning as dynamic soft lenses. Upon activation, the embedded 
EOPs pump working fluid from the backside reservoirs into these 
lenses, causing them to inflate and deform into a convex shape 
(Figure 8b2). 

Figure 8c illustrates the dynamic light patterns projected onto 
the ground directly caused by the refraction of the light through the 
inflated lenses. When the lenses are inflated to a certain thickness, 
they focus the light onto the ground, forming concentrated light 
patterns in different directions. 

Figure 8d shows another light effect, where the light patterns 
are projected onto a surrounding translucent diffuser film. Notably, 
due to gravity, the inflation of these soft lenses occurs progressively 
from bottom to top, thus dynamically refracting the light to pro-
duce a group of linear light patterns with variable lengths. The 
combination of multiple linear light patterns collectively provides 
an affordance for ambient visual display or aesthetic expression. 

Figure 8e further demonstrates the usage of the shape-changing 
lampshade to actuate the texture changes on an overlaid kirigami 
surface. As the lenses inflate, the auxetic patterns on the kirigami 
surface selectively open at different locations, thereby altering the 
transmission behavior of light and creating a spatially varied illu-
mination environment. 

6 Fabrication and Implementation 

6.1 Fabrication of MorphingSkin 
Below, we detail the fabrication process for MorphingSkin devices 
with customized designs and both flexible and partially stretchable 
form factors. The fabrication process consists of four main steps: 
(1) Assemble the flexible EOP circuit, (2) coat the EOP layer, (3) 
fabricate and bond the elastic shells, and (4) install the working 
fluid. 

6.1.1 Assemble the flexible EOP circuit. In this work, we employ 
industrial flexible printed circuits (FPCs) as the substrate electrodes 
to fabricate the EOP, which ensures both flexibility and partial 
stretchability compared to previous work [53, 55]. 

The electrode design for the EOPs is illustrated in Figure 9a. 
Each electrode features a central electrode mesh composed of a 
double-sided metal-covered surface. Within this mesh region, vias 
are arranged in a hexagonal pattern, with each via measuring 0.16 
mm in diameter and spaced 0.37 mm apart, yielding an open area 

of approximately 17%. Surrounding the electrode mesh is a bond-
ing region, where a minimum width of 2 mm is recommended to 
ensure adequate bonding and sealing quality. Although these EOP 
electrodes exhibit moderate flexibility (comparable to a thin copper 
sheet), we employ linear or serpentine traces with a narrow width 
to connect these EOP electrodes, which contributes the primary 
flexibility and partial stretchability to the overall circuit. Most of 
the electrodes are fabricated using double-sided FPCs, with a wire 
width of 0.25 mm and a spacing of 0.25 mm between adjacent traces 
or edges. The electrode surface is insulated and protected by poly-
imide soldermask except for the electrode mesh region. A detailed 
cross-sectional illustration is shown in Figure 9e, where the total 
thickness of a single layer of the electrode is approximately 0.11 
mm. We fabricate the FPC electrodes from JLCPCB by uploading 
manually designed files. 

A complete EOP unit consists of two electrodes that sandwich 
a pumping membrane and an adhesive layer. The pumping mem-
brane is designed with a contour that extends 0.2 mm outward 
from the electrode mesh region, and fabricated using a Universal 
CO2 laser cutting machine and Grade F borosilicate glass fiber filter 
paper as the material. To facilitate the assembly of multiple EOP 
units using flexible circuits, we introduce an approach using ther-
moplastic polyurethane (TPU) gaskets and heat pressing to bond 
the electrodes. The TPU gasket is designed to fill the gap between 
the pump membrane and the surrounding electrode region, with a 
thickness of approximately 0.4 mm, which is similar to the thickness 
of the pump membrane before applying the heat press. The gaskets 
are then 3D printed using NinjaFlex 85A water-translucent TPU 
filament on an Ultimaker 5 printer. Figure 9b shows the assembly 
process, where we first place one EOP electrode at the bottom, use 
tweezers to carefully place the pump membrane and TPU gasket in 
position, and place the second electrode on top. Carrier films are 
used on both the bottom and top to sandwich these components and 
maintain their position for the subsequent heat pressing process. 
We then apply the heat press to the components at 180°C for about 
5 minutes, during which the TPU gaskets are expected to melt and 
as fully as possible fill the bonding region, ensuring a secure seal. 

A sample of assembled EOPs with cured TPU adhesive is shown 
in Figure 9c. The total thickness of each EOP after heat pressing is 
about 0.4 mm, with a cross-sectional photograph shown in Figure 
9d. Necessary electronic components, such as cable connectors, are 
then soldered onto the EOP circuit after the heat press. For certain 
FPC designs where heat pressing is impractical (e.g., due to pre-
mounted electronic components), we follow prior work [53] and 
use laser-cut 3M 467MP double-sided adhesive tape as the bonding 
material. 

6.1.2 Coat the EOP layer. Following the electrode assembly, we 
encapsulate the bonded EOP circuit with a layer of stretchable 
material that provides support for the MorphingSkin and separates 
the elastic shells located on both sides. 

One option we have adopted for most prototypes in this project 
is using silicone as the coating material. Here, we use Smooth-On 
Sorta-Clear 12 as the coating material. The process involves first 
casting a bottom silicone layer, followed by placing and gluing the 
EOP circuit onto this layer, and then casting the top silicone layer. 
To facilitate accurate placement and alignment, a transparent glass 
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Figure 8: Application of MorphingSkin as a dynamic lampshade. (a) A lampshade using MorphingSkin is wrapped around a 
light source, containing a group of strip-shaped shape-changing actuators, which (b) deform into a convex shape when inflated, 
functioning as dynamic soft lenses. (c) Dynamic light patterns projected onto the ground in different directions caused by 
direct refraction. (d) Dynamic light patterns projected onto a diffuser film, displaying multiple linear patterns with variable 
lengths. (e) Texture changes on an overlaid kirigami surface that alters the illumination environment spatially. 

Figure 9: (a-c) Assembling the flexible EOP circuit. (d) Cross-
section photography of the coated EOP layer. (e) Cross-
section illustration of a single layer of EOP electrode. 

plate is used as the base, with a printed sketch placed underneath. 
To keep the electrode mesh on the EOP circuit exposed and not 
blocked by silicone, we reserve hollow regions in the bottom sili-
cone layer using mask tape (Figure 10a), and similarly protect the 
electrode mesh region on both sides of the EOP circuit with mask 
tape before casting the top silicone layer (Figure 10c). To ensure 
strong bonding and sealing between the EOP circuit surface and 
the silicone material, we apply Smooth-On Sil-Poxy glue to the 
contact surface, either on the silicone surface before placing the 
EOP circuit (Figure 10b), or on the electrode’s bonding region after 
the circuit is in place (Figure 10c). To ensure that the EOP circuit 

is as vertically centered as possible within the encapsulation, we 
carefully design the thicknesses of the top and bottom silicone lay-
ers, along with all mask tapes used, shown in Figure 10a,c,d. The 
masks are constructed by stacking multiple layers of 0.1 mm-thick 
single-layer mask tape and laser cutting into custom shapes. The 
total coating thickness is around 1.2 mm to 1.5 mm. Once the top 
layer of silicone is fully cured, we carefully remove the mask tapes 
from both sides of the EOP circuit using tweezers. The fully encap-
sulated EOP circuit is shown in Figure 10e-f, with its cross-section 
displayed in Figure 9d. 

We also proposed an alternative method that uses VHB tape 
as the coating material. While our observations suggest that the 
VHB tape may undergo debonding after several days, possibly 
degraded by the working fluid, this approach remains simple and 
fast to implement, making it a potential option for rapid testing. To 
fabricate the coating layer, we stack a bottom VHB layer, the EOP 
circuit, and a top VHB layer sequentially and then apply vertical 
pressure to increase the bonding and sealing quality (Figure 10g). 
We use 3M VHB 4905 tape with a thickness of 0.5 mm as both the 
bottom and the top VHB layer. The total coating thickness is around 
1.0 mm to 1.3 mm. Both VHB layers are pre-cut using a Universal 
laser cutting machine to create the hollow regions that expose the 
electrode mesh region on the EOP circuit. To facilitate handling, 
transfer films are used to hold, transfer, and apply the VHB tapes. 
The final VHB-coated EOP circuit is shown in Figure 10h-i. 
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Figure 10: Coating the EOP layer with (a-f) silicone material 
and (g-i) VHB tape. 

6.1.3 Fabricate and bond the elastic shells. Next, we fabricate elastic 
shells that are bonded to both sides of the MorphingSkin. These 
shells serve various functions, including output layers, connection 
layers, or reservoir layers. 

Depending on the geometric configuration of the shell, we in-
troduce two fabrication methods: The first type is a bowl-shaped 
shell, which features a central cavity with a certain depth to accom-
modate liquid, surrounded by a continuous rim of uniform height 
that serves as the bonding surface to the coating layer, as shown in 
Figure 11. These shells are used mainly as shape-changing output 
layers or as liquid reservoirs. In this work, we fabricate these bowl-
shaped shells by casting silicone into 3D-printed molds. The second 
type is channel-shaped shells, which consist of relatively shallow 
(e.g., 0.5mm deep) but more complex two-dimensional fluidic chan-
nels, similarly surrounded by a uniform height bonding surface, 
shown in Figure 11. These shells are typically used as connection 
layers or, in some cases (e.g., reflective displays), as output layers. To 
fabricate these channel-shaped shells, we either cast silicone using 
3D-printed molds, or engrave the channels directly into the surface 
of silicone or VHB tape using a Universal laser cutting machine, fol-
lowing previous work [42]. Depending on the fabrication method, 
the desired softness, and the optical clarity, we select Smooth-On 
Ecoflex 00-30, SORTA-Clear 12, or 3M VHB 4905 tape as the shell 
materials. 

Once the shells are fabricated, they are bonded to the coating 
layer using different techniques, depending on the materials and 
the shell geometry. When both the shells and the coating layer 
are made of VHB tape, the shells are carefully aligned and pressed 
onto the coating layer using a transfer film. When the bonding 
surfaces involve VHB tape and silicone, or both are silicone, we 
use Smooth-On Sil-Poxy glue as the bonding adhesive. For shells 
with large bonding areas, the glue is applied uniformly using a 3D 
printed stencil (Figure 12a1). For shells with narrow bonding rims, 
the glue is manually dispensed onto the shell’s bonding surfaces 
using a syringe (Figure 12a2). After the glue is applied, the shells 
are aligned and pressed onto the coating layer using a transfer film 
(Figure 12b). 

Figure 11: Design and fabrication of the elastic shells. 

Figure 12: Bonding of the elastic shells. 

6.1.4 Install the working fluid. After the shells are assembled and 
bonded, we install the working fluid into the MorphingSkin. Fol-
lowing previous work [55], we use a syringe with a 30G needle 
to first evacuate the air inside each actuator and then inject the 
working fluid (Figure 13a). This process is repeated as necessary 
until the internal air is fully displaced and replaced by the working 
fluid. The silicone used to construct the device exhibits self-sealing 
behavior upon removal of the 30G needle. When required, we use 
Smooth-On Sil-Poxy glue to seal any leakage points. In this work, 
we use Propylene Carbonate as the working fluid. To achieve dy-
namic display in reflective modality, we color the working fluid 
with alcohol-based ink. 

A fully assembled MorphingSkin device after fluid installation 
is shown in Figure 13b, which is capable of undergoing multiple 
types of deformation, including bending, twisting, and stretching, 
shown in 13c. 

6.2 Driving hardware system 
In this work, for rapid testing in most of the demonstrations, we 
adopted a similar driving hardware as previous work [70], which 
consists of a high-voltage DC converter and a series of relays man-
ually controlled via an Arduino board. Unless otherwise specified, 
all actuations throughout the paper were conducted at ±250 V. 

Moreover, to support demonstrations requiring more complex 
programmed actuations and untethered control, we developed a 
portable version of the driving hardware system, as introduced 
below. As shown in Figure 14a, the hardware system is built around 
a Raspberry Pi Zero 2 W microcontroller, a DC-DC boost converter 
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Figure 13: (a-b) Installing the working fluid and finishing. 
(c) The fully assembled MorphingSkin device undergoing 
multiple types of deformation. 

(HRB12150-250DG-20W), and four 8-channel serial-to-parallel con-
verters with high-voltage push-pull outputs (HV513). The DC-DC 
boost converter steps up a low input voltage (e.g., 12 V) to a high 
output voltage (e.g., 150–250 V), where the output voltage can be 
pre-configured by adjusting a control knob on the converter module. 
The HV513 serial-to-parallel converters are used to assign high-
voltage signals to designated output ports. The total maximum 
output power of all ports is 20 W. The hardware is connected to the 
EOP circuits via a 0.5 mm pitch flat flexible cable (FFC). The power 
of the hard hardware system is supplied by 12 V lithium batteries 
or chargers. 

The four 8-channel serial-to-parallel converters provide a total 
of 32 output channels, which comprise 16 ports, with each port 
using a pair of channels. We can program each port with Python to 
output positive voltage, negative voltage, or zero voltage in time 
sequence, thus using each port to independently control a single 
EOP actuator in the MorphingSKin device. 

Figure 14b shows the size of the hardware system in non-tethered 
usage, with a volume of approximately 10x6x2 cm. The portability 
enables the usage of MorphingSkin in mobile applications such as 
wearable devices. 

Figure 14: Driving hardware system that contains 16 pro-
grammable output ports with pre-set output voltages rang-
ing from 150 V to 250 V, enabling untethered operation of 
MorphingSkin devices. 

Figure 15: Technical evaluation of the open flow rate and the 
blocked pressure of the EOP device. 

7 Technical Evaluation 

7.1 Open flow rate and blocked pressure 
In this experiment, we evaluated the performance of the EOP that 
follows the fabrication process in this work, including the open 
flow rate and blocked pressure. 

The experiment setup is shown in Figure 15a A 12mm-diameter, 
round-shaped EOP is fixed in a specially designed flow cell, with its 
two sides sealed off from each other to allow the working fluid to 
flow through the EOP. When measuring the flow rate, a calibrated 
SLF3S-0600F Liquid Flow Sensor was connected in series with the 
EOP flow cell, and the two ends of the device were extended below 
the liquid surface of an open container filled with working fluid 
through silicone tubes, as shown in Figure 15a. When measuring 
pressure, we removed the flow sensor and connected the MS5837-
30BA pressure sensor on the same side in a blocked manner, with 
the other end staying the same, as shown in Figure 15b. 

We injected the working fluid into the entire device using a 
syringe and evacuated the internal air bubbles. As in prior work [55], 
we used a 1 Hz square wave signal to drive the test EOP device. The 
amplitude of the square wave was set at each level from 0 V to 250 
V in increments of 50 V, with each test lasting at least 10 seconds. 
We used an adjustable DC high-voltage boost converter, powered 
by a 12 V power supply, to generate the driving voltage between 
0V to 250 V, and used two relays controlled by an Arduino Nano 
board to produce the desired square-wave voltage signal applied 
to the test device. Each experiment was repeated three times using 
different EOP devices. 
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7.1.1 Data collection and analysis. We used the software on the 
PC to collect the data from the flow sensor, and used the controlled 
Arduino Nano to collect the data from the pressure sensor. After 
obtaining the data, for each voltage level 𝑈 , we computed the aver-
age of the test data points that exceed 70% of the maximum (for the 
positive half-cycle) or minimum (for the negative half-cycle) value 
separately, which then served as the performance metric under +𝑈 
and −𝑈 , respectively. In total, we obtained the open flow rate and 
blocked pressure performance at 10 voltage levels ranging from 
-250 V to +250 V, in 50 V increments, excluding 0 V. 

7.1.2 Results. Figure 15c-d show the open flow rate and the blocked 
pressure data under 10 typical cycles within a test under 250 V 
voltage level. We observed a maximum instantaneous flow rate of 
approximately 20 mL/min on the EOP in our test with an area of 
113 mm2 , and a maximum instantaneous pressure of approximately 
25 kPa, which are at the same order of magnitude as the previous 
work [48] and [55], respectively. These results indicate that the 
EOP produced by the fabrication process in this paper might have 
performance comparable to the previous work. 

Figure 15e shows the relationship between the open flow rate 
and the applied voltage in three tests, where all three tests showed 
a consistent linear relationship, similar to the previous work [55]. 
However, one group of the data showed an overall weak response, 
and we inferred that this might be due to the manual assembly 
error of the test EOP. The dashed line in the figure shows the result 
of linear fitting for all three groups of data, with 𝑟 2 = 0.95 and a 
slope of 59.6 𝜇L/min/V. 

Figure 15f presents the relationship between the blocked pres-
sure and the applied voltage on three tests. Among them, one set 
of the data showed a relatively weak overall response, which we 
similarly attributed to manual assembly error. Notably, across all 
three test sets, we observed a consistent asymmetric response re-
garding the blocked pressure, where either the positive or negative 
half-cycle exhibited slightly stronger performance. To normalize 
this asymmetry for comparison, we plot the data with the stronger 
overall response in the positive voltage range, and the weaker one 
in the negative range. As a result, all three test sets demonstrated a 
similar trend in their response patterns. We assumed that this asym-
metric response might be attributed to the asymmetric property 
of the materials in EOP (e.g., the filter paper) or the asymmetric 
assembling operation during the fabrication process. Accordingly, 
we performed linear fitting on the data of positive voltage and neg-
ative voltage separately, with 𝑟 2 values of 0.95 and 0.91, and slopes 
of 75.4 Pa/V and 38.4 Pa/V, respectively. 

7.2 Power consumption, heat generation, and 
durability 

In this experiment, we evaluated several long-term engineering per-
formance metrics of the MorphingSkin actuator, including power 
consumption, heat generation, and durability, based on a typical 
and simple MorphingSkin test device. 

The experimental setup is illustrated in Figure 16a. The Morph-
ingSkin device, made into a shape-changing actuator, is horizontally 
mounted at the center of the setup. The actuator is based on a 12 
mm-diameter round-shaped EOP, with an output layer and a reser-
voir layer made from Smooth-On Ecoflex 00-30 silicone, directly 

Figure 16: Technical evaluation of the power consumption, 
heat generation, and durability of a typical and simple Mor-
phingSkin test device. 

attached to either side. Approximately 0.53 mL of working fluid is 
injected into the actuator to fully occupy the internal volume. A 
square wave signal with a 6-second period and 100 V amplitude 
was used to drive the actuator. During each cycle, at the first 3-
second inflation phase, we applied +100 V to the device, causing 
the EOP to pump the entire working fluid from the reservoir to the 
output layer, resulting in an extrusion deformation (Figure 16b1-4); 
the subsequent 3-second deflation phase applies -100 V, pumping 
the fluid back into the reservoir, reversing the deformation (Figure 
16b4-6). We used the same hardware system as Section 7.1 to pro-
vide the driving voltage signals. The experiment ran continuously 
for 1 hour, totaling 600 actuation cycles. 

7.2.1 Data collection and analysis. We used a side-view camera 
capturing video at 25 fps to record the deformation behavior of 
the actuator, and then used a MATLAB-based computer vision 
program to extract the upper contour of the device and compute 
the peak displacement in each cycle. The peak displacement is 
defined as the vertical distance between the actuator’s highest 
point and the fixed base plane height in each cycle (Figure 16b4). 
We used a top-view thermal camera that captures video at 25 fps 
to record the temperature of the device. We manually extracted 
the maximum temperature of the device every 25 cycles from the 
captured video. We used a 1-ohm sampling resistor in series with 
the circuit to measure the voltage across it at a 100 Hz sampling 
rate using a NI-6341 DAQ. The device’s current was then calculated 
using Ohm’s law. To reduce noise from the measurement equipment, 
we removed the outliers that are larger than 50 mA, and used a 
6-order Butterworth low-pass filter to smooth the noise. 

7.2.2 Results. Figure 16c1 shows the current over a 60-second 
window. We observed an average current of 2.43 mA during the 
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inflation phase and 4.33 mA during the deflation phase. The asym-
metry in current magnitude and waveform between the two phases 
may be attributed to differences in pressure resistance encountered 
by the EOP, when transferring the working fluid to deform versus 
restore the output shell. The average power consumption across 
the 10 cycles is 0.36 W. 

Figure 16c2 shows the current over all cycles, where the current 
range remained stable throughout, except for a gradual increase in 
the deflation-phase current after about 350 cycles. We hypothesize 
this may result from drift in the sampling resistor’s resistance or a 
cumulative static offset in the measurement device. 

Figure 16c3 presents the peak displacement over all cycles. The 
average displacement is 6.0 mm, with a standard deviation of 0.080 
mm. Note that the dashed segment illustrates the region where 
the camera loses focus. We observed a slight initial increase in 
displacement followed by a gradual decline starting around cycle 50. 
We infer that this may be caused by gas generation from impurities 
in the working fluid during operation, where the gas accumulation 
in the output layer increased the internal volume, leading to a rise 
in peak displacement, and the gas buildup in the reservoir blocked 
the pumping area of the EOP, reducing the pumping amount of the 
working fluid and consequently decreasing the peak displacement. 

Figure 16c4 shows the temperature evolution during the test. 
The maximum surface temperature rose from 25°C to 46°C in the 
first 5 minutes, then gradually decreased to around 35°C over the 
remaining time. We attribute this decline to the accumulation of air 
bubbles in the reservoir, which may block the effective pumping 
area of the EOP, reducing both the fluid transfer amount and the 
accompanying heat generation. 

7.3 Stretchability and Failure test 

Figure 17: Technical evaluation of the stretchability and the 
failure test of a typical MorphingSkin test device. 

In this experiment, we tested the maximum tensile strain by 
a tensile test and observed the failure mode, based on a typical 
MorphingSkin test device. 

The test device is designed with eight actuators arranged in a 
row, where each actuator contains an EOP with an 8 by 8mm square 
shape, spaced 17mm apart, and connected using stretchable serpen-
tine traces, following the same design shown in Figure 9a. During 
the fabrication process, we coated the EOP circuit with 1.5mm-thick 
Smooth-on Sorta-Clear 12, and then attached reservoirs and out-
put layers made of Smooth-on Ecoflex 0030 on either side of the 
coated EOP layer, forming the complete actuators that are capable 
of extrusion-style shape changes. The final assembled test device 
is the same as that shown in Figure 13b, except that we added a 3 
cm-long solid silicone on both ends of the test device for attaching 
to the fixtures of the tensile machine. During the test, we stretched 
the test device vertically at a rate of 145 mm/min, starting from 0% 
strain. Simultaneously, we activated the eight actuators on the test 
device in sequence, under a 100 V input and a 1-second duration, 
to continuously observe the working state of the device until it 
failed. We used a video camera to record the stretching process and 
collected the load-strain curve from the test software. 

7.3.1 Results. Figure 17a,c show the stretching process and the 
load-strain curve from the stretching test. We observed that the test 
device exhibited approximately linear elastic deformation before 
about 47% strain and remained functional in the video. After that, a 
break occurred in the EOP circuit, causing part of the actuators to 
fail. In total, four circuit breaks occurred successively as the device 
was stretched to 80% strain. Figure 17b shows the photo of the 
test device after the tensile test, where we observed that all four 
break points on the EOP circuit occurred at the connection points 
between the serpentine trace and the EOP area, and the actuators 
near the break points all experienced leakage, possibly caused by 
the accompanying cracks or breaks of the silicone coating. The actu-
ators without circuit breaks, however, did not exhibit leakage. From 
the above, we infer that the factor limiting the maximum tensile 
strain of this test case might be the maximum tensile strain of the 
EOP circuit. That is to say, in future work, the overall stretchability 
of MorphingSkin could potentially be improved by optimizing the 
design of the serpentine traces or adopting fully stretchable circuits, 
while remaining within the tensile limits of other materials (e.g., 
silicone) and the bonding methods used in the device. 

8 Limitation and Future Work 

8.1 Material and fabrication technique 
Although MorphingSkin in our work has achieved progress in 
flexibility and stretchability compared to previous EOP actuators, 
enabled by the introduction of new materials and fabrication pro-
cesses, several limitations still remain. 

For example, during operation, we continue to observe that 
propylene carbonate gradually generates gas, and the colored alcohol-
based ink dissolved in the propylene carbonate slowly fades. These 
phenomena may reduce the actuator’s overall performance over 
time. Additionally, the VHB tape tends to debond within 48 hours 
as in contact with propylene carbonate, leading to leakage issues 
of the actuator. Manual fabrication errors, such as misalignment or 
poor sealing quality, can also negatively affect the actuator perfor-
mance, such as weakening the pumping flow rate and pressure, or 
increasing the heat generation. 
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Future work could investigate the underlying mechanisms be-
hind these material failures and adopt better material and digital 
fabrication strategies to enhance the durability, stability, and con-
sistency of the MorphingSkin devices. 

8.2 Technical research of MorphingSkin 
In this work, we demonstrated the multimodal actuation by Mor-
phingSkin on a flexible platform. Nevertheless, to introduce the 
MorphingSkin actuators to broader engineering and design con-
texts, several avenues for future work remain. 

One direction involves investigation of the effect of mechanical 
strain, particularly stretching, on the actuator’s performance. In 
the current implementation, stretching in MorphingSkin primarily 
occurs in the serpentine interconnects of the flexible printed cir-
cuits and the surrounding elastic shell. The EOPs embedded within 
the non-stretchable regions of the FPCs experience only bending 
and are not designed to stretch. This structural constraint may help 
mitigate the impact of overall device strain on the EOP’s perfor-
mance. However, the exact impact of mechanical deformation (e.g., 
bending, squeezing) on the FPC-based EOPs still requires further 
experimental investigation. 

Other directions involve studies of the relationships between 
detailed design parameters (e.g., EOP design [6], output shell ge-
ometry, and material stiffness) and the resulting multimodal actu-
ation performance. Standardized actuator designs based on Mor-
phingSkin could be established to serve as a benchmark for future 
research. Additionally, the integration of sensing and precise con-
trol of the MorphingSkin actuators still remains crucial to enhance 
the controllability and the programmability of the multimodal ac-
tuation capabilities. 

8.3 User experience and feedback 
In this work, we demonstrated a wide range of potential applica-
tions for MorphingSkin, showing both the breadth and engineer-
ing feasibility of how MorphingSkin integrates multimodal output 
modalities into a flexible, partially stretchable, self-contained, and 
even untethered interactive platform. However, the user experience 
and feedback have only been explored to a limited extent in this 
work. 

We believe several directions would be worth investigating via 
future user studies or design workshops: (1) Haptic sensations: How 
do users perceive the haptic feedback of MorphingSkin when worn 
on the body? How are these sensations affected by design factors, 
such as actuator sizes, pressure levels, and body location? What 
cognitive information can be encoded via spatio-temporal haptic 
sequences provided by MorphingSkin? (2) Robotic skin: What other 
functional designs might users envision in daily life, given the 
robotic skins with unique outputs, such as positive/negative pres-
sure or dynamic textures? Where might such skins be deployed, 
such as on existing robotic platforms or everyday objects? (3) Multi-
modal display: What other information or visual effects might users 
find expressible through combinations of reflection, refraction, and 
shape change? How do these modalities interact with each other? 

While we acknowledge that a full investigation of these questions 
lies beyond the scope of this paper, we propose an initial approach to 
evaluating user experience or the higher-level actuation behaviors, 

by combining the technical evaluation results (i.e., blocked pressure 
and open flow rate) and established knowledge, such as analytical or 
simulation methods and also psychophysical studies. For example, 
by simply multiplying the blocked pressure by the actuator surface 
area, we can estimate the pressing force applied to human skin, 
and then predict the user’s sensations by comparing it with the 
skin sensitivity on a certain body region [18]. We can also use 
Finite Element Analysis (FEA) to simulate the shape changes and 
speed of the elastic shells under hydraulic flow and the resulting 
changes in surface texture or light refraction path, and then predict 
user’s emotional or cognitive perceptions during interaction by 
comparing with previous studies on expressive robotic textures [23] 
or illuminating materials [61]. These insights may also inform the 
future development of application-specific design and simulation 
tools. 

9 Conclusion 
In this work, we present MorphingSkin, a skin-like platform that 
integrates multimodal hydraulic actuation based on flexible EOPs. 
We introduce the structure composition of MorphingSkin and the 
versatile design space for multimodal actuation in force, shape, 
optical, and weight domains. We demonstrate a wide range of ap-
plications using MorphingSkin, including actuating surfaces on 
companion robots and gripper fingers, multimodal wearables, and 
physical interaction contexts such as dynamic lampshades and tan-
gible displays. We detail the fabrication process for MorphingSkin 
devices, along with a portable driving hardware system that enables 
untethered operation. Lastly, we present three groups of technical 
evaluations of the MorphingSkin system, which show compara-
ble hydraulic performance to prior work. Through this work, we 
envision the future of using MorphingSkin technology for inter-
active surfaces that integrate flexible form factors and multimodal 
actuation capabilities. 
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