
A Fluidic Demultiplexer for Controlling Large Arrays of Soft 
Actuators

Journal: Soft Matter

Manuscript ID SM-ART-12-2019-002502.R2

Article Type: Paper

Date Submitted by the 
Author: 25-Mar-2020

Complete List of Authors: Bartlett, Nicholas; Harvard University
Becker, Kaitlyn; Harvard University
Wood, Robert; Harvard University, 

 

Soft Matter



ARTICLE

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

A Fluidic Demultiplexer for Controlling Large Arrays of Soft Actuators

Nicholas W. Bartlett,a Kaitlyn P. Becker a and Robert J. Wood*a

The field of soft robotics endeavors to create robots that are mostly, if not entirely, soft. While there have been significant 
advances in both soft actuators and soft sensors, there has been relatively little work done in the development of soft control 
systems. This work proposes a soft microfluidic demultiplexer as a potential control system for soft robotics. Demultiplexers 
enable the control of many outputs with just a few inputs, increasing a soft robot's complexity while minimizing its reliance 
on external valves and other off-board components. The demultiplexer in this work improves upon earlier microfluidic 
demultiplexers with its nearly two-fold reduction of inputs, a design feature that simplifies control and increases efficiency. 
Additionally, the demultiplexer in this work is designed to accommodate the high pressures and flow rates that soft robotics 
demands. The demultiplexer is characterized from the level of individual valves to full system parameters, and its 
functionality is demonstrated by controlling an array of individually addressable soft actuators.

Introduction 
The field of soft robotics strives to create machines composed 
of soft, flexible materials, as opposed to the rigid, unyielding 
metals and hard plastics traditionally used in robotics. It has 
been argued that soft-bodied robots offer many advantages 
over their rigid counterparts, such as inherent safety in human-
robot interactions through compliance matching, superior 
capabilities even with fewer control inputs via mechanical 
intelligence and morphological computation, reduced 
manufacturing costs and simpler fabrication, and overall 
increased robustness. 1-6

With the promise of the above-mentioned benefits, the field of 
soft robotics has attracted much attention over the past 
decade.7 Yet, a grand challenge of soft robotics is the 
demonstration of a fully soft, untethered, highly functional 
robot. The vast majority of fully soft robots are tethered, relying 
on off-board components for either power or control, or both.8-

13 Almost all untethered systems are not fully soft, as they 
incorporate rigid elements such as batteries, circuit boards, or 
mechanical valves.14-18 The authors are aware of only one 
example of a fully soft, untethered robot: the Octobot.19 While 
certainly an impressive demonstration of highly integrated 
fabrication, and a significant step forward for the field, the 
Octobot is only able to perform one preprogrammed motion. As 
such, the field is still in search of its first example of a fully soft, 
untethered robot capable of diverse behaviors.

Any autonomous robot has fundamental subsystems that 
include structure, actuation, sensing, power, and control. The 
structural subsystem is essentially the body of the robot, and 
ties together the other subsystems. The actuation subsystem is 
what enables the robot to move. Arguably the majority of 
research in soft robotics to date has been in developing muscle-
like actuators; as such, there are many examples.20-26 Most of 
these soft actuators are fluidic, in that they are powered either 
hydraulically or pneumatically. The sensing subsystem allows 
the robot to receive input from its environment. There are 
myriad demonstrations of soft sensors as well.27-32 The power 
subsystem provides the energy with which the actuators 
perform work. Although research in this area has been 
overshadowed by developments in actuators and sensors, there 
are a number of power subsystems for soft robots.33-35 The 
control subsystem is situated between the power and actuation 
subsystems (perhaps with input from the sensing subsystem, if 
there is feedback) to dictate how and when power is delivered 
to the actuators. Of all the subsystems, soft controllers are 
perhaps the least developed.36

Indeed, one of the central motivations for developing soft 
robots is that they exhibit a kind of mechanical intelligence in 
which the body or structure reacts organically to the 
environment, obviating the need for traditional control 
feedback loops that rely on precision sensing and actuation. 
However, even if feedback control may be deemed unnecessary 
in some (or even all) soft robots, the challenge of distributing 
energy to the system's actuators remains.

When implementing a control subsystem for a soft robot, robot 
designers must carefully consider the design of the full system. 
A majority of current soft actuators are powered by pressurized 
fluid; accordingly, fluidic control may be an appropriate choice 
for many soft robots. Using the same medium for the power, 
control, and actuation subsystems lends itself to more 
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straightforward subsystem integration and overall simplicity. A 
single medium also allows the robot designer to blur the 
boundaries between various subsystems, enabling greater 
design freedom. This type of subsystem fluidity is much harder 
(or potentially impossible) to accomplish with mismatched 
media. While traditional control subsystems are electrical (e.g., 
microcontrollers and computers), there are applications in 
which we may want to avoid electricity, such as in robots that 
operate underwater. Additionally, there are many situations in 
which we may want to offload as much low-level control to the 
mechanics of a system as possible. Finally, a fluidic control 
subsystem may be composed of microfluidic valves that are 
significantly smaller and less expensive than the 
electromechanical solenoid valves that are typically used to 
interface between an electrical control subsystem and a fluidic 
actuation subsystem.

Given that not all subsystems have been developed at the same 
rate, many soft robots are tethered to allow off-board power 
and control. Tethered systems may be seen as stepping stones 
to future untethered robots or as final systems in their own 
right. Regardless, we should still seek to minimize the influence 
of tethers on the behavior of the system. That is, we should 
strive for small tethers with as few lines as possible over large, 
obtrusive tethers composed of many lines. A physically large 
tether may pull on a robot, introducing undesirable forces and 
moments. Furthermore, abrupt changes in mechanical 
properties at interfaces are a common source of failure in soft 
robotics; as such, a complex tether that relies on many parallel, 
independent connections will be significantly less robust than a 
simpler tether with only a few connections.15, 37

In this work, we propose that the functionality of soft robots 
may be enhanced through a soft control subsystem that exploits 
microfluidic multiplexing. A demultiplexer enables control over 
a large number of outputs with only a few inputs, and can be 
seamlessly embedded within the body of a soft robot itself. 
Such a control architecture minimizes the size and complexity 
of any tether by drastically reducing the number of control lines 
required to address all of the robot's actuators. By moving more 
of the control subsystem on-board, microfluidic multiplexing 
brings the field closer to fully soft, untethered, highly functional 
robots.

Demultiplexer
A demultiplexer is a device that allows a small number of control 
inputs to select one among a much greater number of outputs 
(see Fig. 1A). Each input toggles the state of every output, 
ensuring that half of the outputs are open and half of the 
outputs are closed (see Fig. 1B). The first input ensures inverse 
states for the first and second halves of the outputs. The second 
input again ensures inverse states for half of the outputs, but 
does so by keeping the first and third quarters of the outputs in 
the inverse state of the second and fourth quarters. Later inputs 
select smaller and smaller groupings of outputs (eighths, 
sixteenths, thirty-seconds, etc.) until the groupings consists of 

single alternating outputs. By selecting which half of the outputs 
are controlled by a given input, n outputs can be controlled with 
just log2n inputs. This scaling has been demonstrated 
repeatedly in the electrical domain. 

The demultiplexer presented in this work closely follows earlier 
designs in the microfluidics literature, but with notable and 
important differences.38 In that earlier work, each input was 
actually two independent microfluidic channels which were 
externally constrained to be in inverse pressurization states. 
That is, while one was pressurized, the other was manually 
depressurized. As such, the number of inputs required to 
control n outputs was shown to be 2log2n. 

The multiplexing scheme in this work more closely resembles 
the scaling laws of the electrical domain in that the number of 
inputs required to control n outputs is just log2n+2. We 
accomplish this nearly two-fold reduction in the number of 
required control inputs compared to previously reported 
microfluidic demultiplexers by explicitly enforcing the inverse 
pressurization state requirement in the demultiplexer itself 
rather than doing so artificially through external manipulation. 
The fundamental difference is a single line that acts as both a 
flow channel and a control channel simultaneously. While 
another microfluidic demultiplexer with more favorable scaling 
has been demonstrated previously, that demultiplexer requires 
the introduction of a vacuum control channel in addition to a 
pressure control channel, which fundamentally limits the 
maximum pressure that can be delivered to the actuators.39

Referring to Fig. 1B, the outputs O0 – O7 are all connected to a 
single input channel on the flow layer, denoted “Flow” (F). This 
channel is set to a predetermined pressure (PF), and is only 
depressurized when switching between outputs. A separate 
network of interconnected channels on the flow layer is 
connected to a distinct input, denoted “Primary Control” (PC). 
The input to this line is also set to a predetermined pressure 
(PPC, with PPC > PF), and again is only depressurized when 
switching between outputs. Each branch of PC transitions from 
the flow layer to the control layer by means of microfluidic vias 
(depicted as circles in Fig. 1B). The continuation of these 
channels on the control layer (PC2, PC1, and PC0) then cross 
under the output channels of the F line (O0 – O7). Where their 
widths increase, these channels behave as valves; where their 
widths remain small, these channels do not affect the flow of 
the channels above them. Finally, there are the channels 
denoted “Secondary Control” (SC), each of which may be 
toggled between atmospheric pressure and a given high 
pressure (PSC, with PSC > PPC). That is, some SC channels may be 
depressurized when selecting a given output. Each SC channel 
features a set of valves that toggles half of the outputs, but also 
features an additional valve that closes a branch of the PC 
channel, opening the other half of the outputs. 

It should be appreciated that the input channels must be 
pressurized and depressurized in a particular order to avoid 
creating air pockets within the demultiplexer. Beginning with a 
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fully depressurized demultiplexer, the desired SC channels are 
pressurized first, followed by the PC channel, and finally the F 
channel, thereby pressurizing the selected output. Before 
selecting a new output, the inputs must be depressurized in the 
reverse sequence to again fully depressurize the demultiplexer.  
(Additional details can be found in the supplementary 
information.)

Considering the three (secondary) input, eight output 
demultiplexer in Fig. 1B, the default state is all inputs low, 
corresponding to [SC2 SC1 SC0] = [0 0 0]. In this state, PC2 closes 
O4 – O7, PC1 closes O2, O3, O6, and O7, and PC0 closes O1, O3, O5, 
and O7. Consequently, O0 is selected. If SC0 is set high (giving [0 
0 1] for the input state), the first valve on SC0 closes PC0, such 
that O1, O3, O5, and O7 are no longer closed (at least, not by PC0). 
Downstream, SC0 closes O0, O2, O4, and O6. Consequently, O1 is 
selected. Any output may be selected with the correct 
combination of secondary inputs. In fact, the input state vector 
[SC2 SC1 SC0] is exactly the selected output in binary notation 
(e.g., [101] selects O5). A fully functional demultiplexer can be 
viewed in Movie S1.

Valve Design and Characterization
At the heart of any demultiplexer is a switch that can toggle an 
output between two states: on or off, open or closed. In 
electronics, that switch is a transistor that toggles between a 
low voltage and a high voltage. In microfluidics, that switch is a 
valve that either stops flow in a microchannel, or allows flow to 
proceed uninhibited. The microfluidic valve presented in this 
paper is an adaptation of the first microfluidic valve presented 
by Unger et al.40 While other novel soft valves have been 
presented, their size, geometry, and fabrication process do not 
scale well to allow the number of valves required for a 
multiplexing scheme.41, 42 A traditional microfluidic valve 
consists of two perpendicularly oriented microchannels, offset 
slightly in the vertical direction so that they are separated by a 
thin membrane (see Fig. 2A). When one microchannel is 
pressurized, it expands, deforming the surrounding elastomer, 
and causing the membrane to deflect into the other 
microchannel, impeding the flow (see Fig. 2B). We call the 
“flow” channel the microchannel that carries the fluid whose 
flow is modulated by the valve, and we call the “control” 
channel the microchannel whose pressurization closes the 
valve. In our configuration, the control channel is always below 
the flow channel, in a configuration called a “push-up” valve. 
Others have shown that, under certain assumptions, this 
configuration is preferable to the alternative “push-down” 
configuration, in which the control channel is above the flow 
channel.43 We have shown previously that the shape of the flow 
channel is critical to ensure full valve closure, and that various 
fabrication strategies may be employed to achieve acceptable 
channel shapes, subject to a wide array of design 
requirements.44 In this work, we fabricate microchannel molds 
using both 3D printing and soft lithography (details can be found 
in the supplementary information).

Analytical models of microfluidic valves have been presented in 
the literature.43, 45 However, these models make assumptions 
about the profile of the flow channel that do not apply to the 
valves presented here (e.g., that the profile is parabolic). 
Modifying these analytical models to accommodate our valve 
geometry would quickly become intractable. As such, we opted 
to characterize our valves experimentally.

Valve characterization consisted of a variable sweep of channel 
sizes and membrane thicknesses. By systematically altering 
individual variables, we determined the control pressure (Pc) 
required to stop a given flow pressure (Pf) as a function of 
control channel width (wc), flow channel width (wf), and 
membrane thickness (m) (see Figs. 2A and 2B; more details can 
be found in the supplementary information). We found that, 
while the widths of the flow and control channels have a slight 
effect on the valve closing pressure, the membrane thickness 
more strongly influences valve behavior (see Fig. 2C). This 
decoupling is fortuitous in that system requirements (such as 
actuator pressure and actuation frequency) can drive channel 
geometry while valve behavior can be tuned simply by altering 
the membrane thickness. 

Due to the strong influence of the membrane on valve behavior, 
we sought to understand the contribution from material choice 
in addition to geometry. While most microfluidic systems are 
fabricated from Sylgard 184 (Dow Corning), we found this 
material to be functionally limited, especially in that it is a 
relatively stiff elastomer, with a Shore durometer of 43.8A.46 
We investigated the use of an alternate elastomer, MED4-4220 
(NuSil Technology), which has a Shore durometer of 17A.47, 48 
While preliminary valve testing was done with membranes 
made from Sylgard 184, we repeated the characterization 
described above with membranes made from MED4-4220 and 
found that otherwise identical valves actuated at smaller 
pressure differences and survived more actuation cycles.

Actuator Design and Fabrication
The demultiplexer discussed above has been designed to 
operate at a scale large enough to be relevant to soft robotics. 
The test of such a system is in its ability to operate functional 
actuators; for such a demonstration, we have chosen to use tri-
chambered pneumatic bending actuators.49 While the 
demultiplexer presented here could be adapted to any of a wide 
variety of soft fluidic actuators, we have specifically chosen 
these actuators for three reasons. First, the actuators are small 
enough that we can fabricate a large array in a small area, 
demonstrating the favorable scaling properties of the 
demultiplexer. Second, we are able to show complex motions 
to mirror the non-trivial microfluidic logic scheme, because the 
actuators each possess two degrees of freedom. Finally, we 
demonstrate one fabrication strategy for integration of 
actuation and control subsystems by using both molding and 
soft lithographic techniques.
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Each actuator consists of three individually addressable 
pneumatic chambers. Because each chamber is offset from the 
neutral axis of the actuator, pressurizing any one chamber 
produces a moment which causes the actuator to bend. By 
modulating the pressure in each chamber, one can produce 
bending in any direction. Fig. 3 depicts the typical bending 
modes of the actuator, as does Movie S2.

An actuator is fabricated by dip-coating uncured elastomer onto 
a set of three pins which are press-fit into a custom laser-cut 
fixture. The first dip-coat covers the individual pins with 
elastomer. Further dippings continue to coat the individual pins, 
but also allow elastomer to bridge between the pins, forming a 
single tri-chambered actuator. More details on the fabrication 
process can be found in the supplementary information.

Integrated Demultiplexer and Soft Actuator Array

To integrate the demultiplexer with an array of actuators, we 
had to address system-level concerns. The actuators exhibit a 
trade-off in that fewer coatings during fabrication enable a 
lower actuation pressure, but also pose a higher risk of failure 
due to a defect in a thin chamber wall. In a large array in which 
a single failed actuator would compromise the entire system, 
we prioritized robustness over a lower operating pressure. 

To develop the integrated system, very few modifications to the 
fabrication procedure were necessary. Whereas the actuators 
were previously made by coating pins that were directly press-
fit into their acrylic fixture, in the integrated system we inserted 
the pins through the top layer of the demultiplexer before they 
were inserted into the fixture. In this way, the elastomer that 
would form the actuators would drip down the pins and coat 
the surface of the demultiplexer as it was curing, forming a 
conformal seal. Once the actuators were cured, the pins were 
removed from the back of the top demultiplexer layer, which 
was then plasma bonded to the remaining demultiplexer layers.

In contrast to the demultiplexer schematics in Fig. 1, we 
demonstrate a fully integrated system with a 4 (secondary) 
input, 16 output demultiplexer. In this demonstration (see Fig. 
4 and Movie S3), five tri-chambered actuators are arranged at 
the vertices of a pentagon (in this system, only 15 of the 
available 16 outputs are used). In this configuration, we can 
demonstrate both clockwise and counter clockwise actuation 
sequences, in addition to an outward radial actuation sequence. 
Although only a single output can be addressed at a time, 
simultaneous control of multiple outputs may be approximated 
by quickly cycling through the inputs, up to the limits imposed 
by the pressure levels of the system and the actuator dynamics. 

Conclusions
Many advances in the field of soft robotics have revolved 
around sensors and actuators. Developments in soft control 

subsystems, in contrast, have been greatly limited. In this work, 
we propose a microfluidic multiplexing architecture that 
suggests one possible path forward for soft control systems.

While microfluidic multiplexing has been demonstrated 
previously, there are three distinct differences presented in this 
work. First, we use a multiplexing scheme that much more 
closely resembles the architecture of electrical demultiplexers, 
decreasing the number of required control channels by a factor 
of two compared to earlier publications. We are able to 
demonstrate such drastic reductions by taking advantage of the 
shared media (i.e., fluid) between the actuation and control 
subsystems, a feat that would be much more challenging with 
mixed media subsystems (e.g., fluid actuation and electrical 
control). Second, the size of the system is scaled to be able to 
accommodate much higher pressures and flow rates, bringing 
microfluidic multiplexing into relevance for soft robotics. 
Finally, we introduce a new membrane material to 
accommodate the higher pressures and flow rates required in a 
scaled-up system.

We demonstrate the functionality and applicability of our 
demultiplexer by controlling an array of tri-chambered 
actuators. Beyond this demonstration, we anticipate that such 
a multiplexing scheme will be highly relevant for tethered soft 
robotic systems that seek to minimize the effect of a tether. For 
example, microfluidic multiplexing may be appealing to 
surgeons who need to control a large number of degrees of 
freedom in a laparoscopic tool, and yet only have a limited size 
laparoscopic port for the tether.
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Figure captions
Figure 1: Demultiplexer design schematic. (A) In this work, we 
use a demultiplexer to reduce the number of control lines 

required to address a soft actuator array. Generally, a 
demultiplexer uses n inputs to select one among 2n outputs. (B) F 
and PC lines are always pressurized when an output is selected, 
with the pressure of the PC line greater than that of the F line. The 
three SC lines may either be pressurized (to a pressure greater 
than that of the PC line) or vented to atmospheric pressure to 
select among the eight outputs. This example design 
demonstrates control of eight outputs with three secondary 
inputs (plus one primary input). F: Flow, PC: Primary Control, SC: 
Secondary Control, O: Output.

Figure 2: Principle of operation of a microfluidic valve. (A) A 
valve consists of two perpendicular microchannels offset slightly 
in the vertical direction. When the “flow” channel (blue) is above 
the “control” channel (pink), the valve is designated as “push-up”. 
wf: width of flow channel. wc: width of control channel. (B) The 
top schematic shows a valve in an open state, whereas the 
bottom schematic shows a valve in a closed state. As the control 
channel is pressurized, it expands, deflecting the elastomeric 
membrane into the flow channel. Pc: pressure of control channel. 
m: membrane thickness. (C) Valve characterization. For four 
different membrane thicknesses (112, 105, 77, and 54 
micrometers, corresponding to the gray, pink, purple, and green 
markers, respectively), we characterize the average difference in 
pressure between the control channel and the flow channel 
required to close the valve (i.e., mean (Pc – Pf)) as a function of the 
difference in channel width between the control channel and the 
flow channel (i.e., wc – wf). Pf: pressure of flow channel. 
Membrane material is MED4-4220 for the above data.

Figure 3: (A) Actuator principle of operation. A single actuator 
consists of three chambers. When any single chamber is inflated, 
the actuator bends towards the side of the actuator opposite the 
pressurized chamber. (The tops of the actuators are cut away in 
the image to show the individual chambers.) (B) Actuator 
bending. Top left: No chambers are pressurized, yielding an 
undeformed state. Top right: The front left chamber is 
pressurized, causing bending towards the back right. Bottom left: 
The front right chamber is pressurized, causing bending towards 
the back left. Bottom right: The back chamber is pressurized, 
causing bending towards the front.

Figure 4: Multiplexed soft actuator array. (A) A tri-chambered 
actuator is located at each vertex of a pentagon, aligned so that 
the actuator can bend along the edge of the pentagon. (B) 
Sequential actuation of the five tri-chambered actuators allows 
clockwise, counter clockwise, and radial actuation patterns. (C) 
Images of the fabricated pentaradial array during the first three 
states of a clockwise actuation sequence.
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This work proposes a soft microfluidic demultiplexer as a potential control system for soft robotics. 
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