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Abstract
Soft robots have revolutionized machine interactions with humans and the environment to
enable safe operations. The fixed morphology of these soft robots dictates their mechanical
performance, including strength and stiffness, which limits their task range and applications.
Proposed here are modular, reconfigurable soft robots with the capabilities of changing their
morphology and adjusting their stiffness to perform versatile object handling and planar or
spatial operational tasks. The reconfiguration and tunable interconnectivity between the
elemental soft, pneumatically driven actuation units is made possible through integrated
permanent magnets with coils. The proposed concept of attaching/detaching actuators enables
these robots to be easily rearranged in various configurations to change the morphology of the
system. While the potential for these actuators allows for arbitrary reconfiguration through
parallel or serial connection on their four sides, we demonstrate here a configuration called
ManusBot. ManusBot is a hand-like structure with digits and palm capable of individual
actuation. The capabilities of this system are demonstrated through specific examples of
stiffness modulation, variable payload capacity, and structure forming for enhanced and
versatile object manipulation and operations. The proposed modular, soft robotic system with
interconnecting capabilities significantly expands the versatility of operational tasks as well as
the adaptability of handling objects of various shapes, sizes, and weights using a single system.

Supplementary material for this article is available online

Keywords: stiffness modulation, grasping, permanent magnets with coils,
attachable and detachable actuators, reconfigurations, modular robots, soft robots

1. Introduction

Robotic grasping and object manipulation have been inspired
by the remarkable abilities of human hands. Recent advances
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in soft robotic actuators, tactile sensors, materials, visual
and haptic perception, and machine learning have enabled
significant progress toward dexterous human-like robotic
grasping [1–3]. Development of soft robots has opened up
new possibilities for grasping and functional tasks due to their
inherent material and structural compliance properties [4–6].
Despite the recent progress, most of the soft robotic manipu-
lators and grippers are limited to performing dedicated oper-
ational tasks. For soft robots to perform versatile, on-demand
tasks that would require them to change stiffness, shape, or
morphology still presents a challenge. Varying, adapting, and
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controlling the deformability and compliance of soft robots
remains an open challenge; hence, advancements that would
enable selective or variable stiffness of these machines could
open up new soft robot functionalities [7]. Some of these
challenges can potentially be addressed by developing new
modular, self-reconfigurable soft robots with the capabilities
to modulate their mechanical properties based on the given
task [8, 9]. These modular soft robots can provide signific-
ant advantages over traditional systems, such as the overall
increased safety when soft robots are working next to humans
and the enhanced versatility of tasks performed by modular
robots. Using modular designs enables replacing task-specific
robots with a single robot, leading to increased productivity
and reduced costs for the end users. Further development of
these new technologies would enhance the functionality of
soft robots, and the adoption of these systems in industrial
applications will enable safer and more efficient human-robot
interactions [10, 11].

The existing reconfigurable, modular soft robots are com-
monly constructed from individual, simple, soft material-
basedmodular actuation units and rigid/hard components used
for connectivity [8, 9, 12, 13]. Recent developments in the
field have witnessed a notable shift towards utilizing 3D print-
ing technology for fabricating modular, soft robots tailored
for grasping applications [14, 15]. The sizes of these modu-
lar robots can already reach up to a meter-scale [16]. Such soft
modular systems have shown to have an increased functional-
ity and an ability to perform various functions (e.g. manipula-
tion, locomotion, or human assistance/rehabilitation) in differ-
ent environments (e.g. complex terrain, ferromagnetic walls,
or underwater) [13, 16–25]. Advantages of shape-changing
capabilities have been very recently demonstrated through a
shape-changing robot that outperformed the non-morphing
counterpart in its abilities to traverse flat and inclined terrains
[26]. Furthermore, controllable stiffness modulation has been
noted to be of great importance to expand the operational
capabilities of soft robots [21, 26, 27]. Inspired by nature,
on-demand variable stiffness that allows reversible changes
between compliant/flexible and rigid modes has been recently
demonstrated through plant inspired (osmosis-based actuated)
soft robots [28]. Such variable stiffness modes can then be pre-
programmed or tailored for a range of specific tasks through
the optimization of the robots’ interactions with the environ-
ment and their increased capabilities to exert high forces or
bear heavy loads [27]. The four basic stiffness modulation
mechanisms employed in the existing soft robots are classified
as glass/phase transition, viscosity, structure, and acoustic-
based methods with none of them clearly outweighing the
others. Among them, structural stiffness variation method has
primarily focused on either the interactions between structural
elements within an individual actuation unit (e.g. employing
geometry or friction principles, material jamming, or antagon-
istic arrangement) or through direct tuning of material rigidity
(e.g. material phase change of polymers or low melting point
alloys) [29]. However, the morphology reconfiguration of soft,
multi-actuator units to vary the structural stiffness at the sys-
tem level remains largely unexplored.

Despite all the potential advantages and unique capabilit-
ies of modular soft robots, currently only very limited soft
reconfigurable robots with stiffness modulation capabilities
exist. One of the challenges in soft robot reconfigurability is
the connectivity between the soft actuation modules which
should be simple and fast to connect or disconnect in either
controlled or autonomous fashion. Most commonly used con-
nectivity mechanisms rely on mechanical, magnetic, adhes-
ive, and vacuum principles [9]. Among these, the magnetic
mechanism is an attractive option as it can actively control
the interconnection of modules by using either permanent
magnets with predefined magnetic fields [8], electroperman-
ent magnets (EPM) that allow tunable connectivity based on
the applied electric current [30], or magnetic soft compos-
ites with pre-programmable magnetization [31]. While these
magnetic devices have promising potential in modular robot-
ics, their current applications have two major limitations: (1)
the non-articulating connection between the units that hinder
the structural reconfigurability and stiffness tuning, and (2)
the added rigidity to the soft modular unit itself from the
embedded hard components. By contrast, other mechanisms
such as electro adhesion [32] and vacuum-based connections
[33] maintain the softness of the modular robots. However,
these systems typically have limited attractive forces or require
additional connectionmodules, restricting their practicality for
the autonomous reconfiguration. Lastly, while several other
passive connection methods exist, most of them are irrevers-
ible as they are either glued [34], hot-melted [35], or connec-
ted by self-healing elastomer [36] with only limited devices
being reversible, such as reclosable fasteners [37]. However,
the passive connections do not allow for control of the con-
nections or the ability to tune its strength due to their inherent
passive nature.

Here, we present a new set of soft, modular, and reconfig-
urable robots (figure 1) that can be assembled to modulate its
structural stiffness and perform versatile operational tasks, due
to its novel tunable interlockingmechanism. The proposed soft
robotic system is constructed of identical elemental soft actu-
ators (figure 1(a)). The permanent magnets with coils (PMC),
whose design was inspired by the EPMs [33, 38], are used to
interlock the units. Using the modular elemental units, a robot
configuration called ManusBot was assembled that consists of
two units connected in series via the end magnets with addi-
tional units connected to their side magnets, creating a hand-
shaped soft robot with a multi-finger actuator configuration.
We demonstrate that ManusBot can grasp objects of various
shapes and sizes, as well as modulate its stiffness by recon-
figuring its finger-like actuators. The functional abilities of
this configuration were tested experimentally to determine its
effectiveness as a grasping robot. Overall, through testing of
the individual actuators and various configurations of planar
and closed-form structures we demonstrated enhanced func-
tionalities and stiffness modulation capabilities. Our modular
design allows a single robotic system to handle a wide variety
of tasks that are typically unattainable using a single robot.

The key novelty and significance of the project are the
innovative structural stiffness modulation of modular robots

2



Smart Mater. Struct. 33 (2024) 065040 J Knospler et al

Figure 1. Overview of modular pneumatic actuators and their configurations. (a) Single modular unit used in robot configuration. (b) 3D
model of modular unit with dimension units showing the size. (c) 3D model demonstrating four modular units attached to one another
utilizing the side and end magnets. The three types of inter-unit connections are indicated. Scale bar: 30 mm.

and the unique soft actuator design that enables tunable inter-
locking to achieve enhanced grasping abilities. The implemen-
ted modular pneumatic actuators (MPAs) use novel designs
of side magnets and hinges that allow for end-to-end, side-
to-side, and especially side-to-end connections, which have
not been previously demonstrated on similar soft robots.
Furthermore, the design of the PMCs allows novel tunable
interconnectivity between the actuator units. These PMCs
open up new possibilities for controlled and autonomous con-
nectivity between the actuators for modular robots. Compared
to other soft systems with passive connectivity [37], active
disconnection mechanism [8], or limited abilities to connect
only at the tips, the presented modular robot can actively
disconnect, tune the inter-module connectivity strength, and
enable inter-module connections at both their tips and sides.
The enhanced connectivity allows both parallel and series

assembly of elemental soft actuators to form planar or com-
plex spatial robotic configurations. The developed connection
mechanism increases the number of achievable robotic con-
figurations, enabling a greater variety of tasks that can be
accomplished using a single robotic system. In addition, these
advanced connecting capabilities allow the robot to modu-
late its stiffness by configuration alteration or strength modi-
fication, making it ideal for grasping various shaped objects
or conforming to its surroundings. The developed concept
of stiffness modulation and structural reconfiguration can be
applied to other modular systems of various scales (e.g. micro
andmacro) with locomotion and structure forming capabilities
[20–22]. The demonstrated soft reconfigurable robots have the
potential to be used in automated industrial applications, agri-
culture, collaborative robotics, manufacturing, medical robot-
ics, space robotics, and search and rescue missions [1–3].
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In the remainder of this paper, we first discuss the design,
construction, and control of the elemental soft actuators. Next,
we show the characterization of the PMCs, which are the cru-
cial elements of the articulating inter-module connectivity and
discuss the modularity considerations in the design of these
modular actuators. Following, we discuss the experimental
results and characterization of the elemental soft actuator units
that are used for grasping and constructing the ManusBot
configuration. We demonstrate the effective bending capab-
ilities, strength, and operating conditions of these individual
modular units. Stiffness for various multi-actuator configur-
ations is calculated and compared to the experimental res-
ults to demonstrate robots’ stiffness modulation capabilities.
Afterwards, we present the robots’ grasping capabilities for
various predetermined spatial actuator configurations with and
without utilizing the inter-unit connectivity. Then, we demon-
strate ManusBot’s ability to grasp and handle objects of vari-
ous sizes and weights. Last, we discuss alternative future uses
of these modular actuators, their advantages and limitations
compared to other modular soft robots and potential impacts
on the soft robotics field, and their potential applications.

2. Methods

2.1. Elemental actuator design

All robot configurations discussed in this paper are composed
of identical MPAs (figure 2). These actuators, with carefully
designed geometry and selected dimensions, are constructed
to allow for modularity. As each unit is 120 mm long, 60 mm
wide, and 25 mm thick, these units can interconnect with one
another end-to-end, side-to-side, or side-to-end (two units per
side). The PMCs at the sides have mechanical hinges that can
swivel±60◦, allowing for an articulating connection and easy
morphology reconfigurations. Each actuator contains mini-
ature permanent magnets which allow module connection in
deformed or undeformed states to form various flexible struc-
tures. The locking tabs at the ends (front/rear) allow secure
locking to strengthen these connections (figure 2(a)). These
tabs also limit the range of motion of the mechanical hinges
when connected side-to-end as in the ManusBot configuration
discussed in section 3.4, increasing the rigidity and strength of
the structure.

The MPAs are actuated using a positive air pressure. The
upper section of the actuator consists of a series of air cham-
bers which expand under air pressure (figure 2(b)). The inex-
tensible mesh layer molded in the bottom layer allows deflec-
tion of the actuator in one direction (figure 2(b)). The thick-
ness of the side and top walls of the actuator were optimized
to minimize side wall expansion and maximize bending actu-
ation despite the embedded hard components.

The PMCs are crucial in the attachment/detachment of
actuator units with one another. Each PMC unit consists of a
permanent magnet and an electromagnet coil wrapped around
a carbon steel core (figure 2(d)). When an electric current is
applied through the coil, the created variable magnetic field
can cancel out or strengthen the overall resulting magnetic

field, depending on the direction of the current. The benefit of
using these PMCs is the reduced power required to connect
the modular units, as the permanent magnets are naturally
attracted to each other to form connections. Power is only
needed for disconnection (when units are previously connec-
ted), reconnection (when units are not connected but suffi-
ciently close), or to strengthen the connection (when units are
already engaged and increased force capacity is needed).

2.2. Actuator construction

We designed and fabricated the flexible pneumatically driven
soft actuator modules (figure 1(a)). The soft actuators use a
pneumatic network design and are made of Dragon Skin 10
(Smooth-On, Inc., Macungie, PA) silicone rubber (figure 3).
The actuators were fabricated using a two parts mold to create
an upper pneumatic chamber portion as well as a lower solid
layer with embedded sheet of fiberglass mesh as an inextens-
ible layer and plastic supports for hinge housings (figures 3(b)
and (c)). The two parts were fused together using additional
silicone rubber (figure 3(d)). All hard components of the units,
including the PMC housings, hinges, top and bottom sup-
ports, and end connectors were custom designed and 3D prin-
ted using polylactic acid material. A 1/8 inch hose fitting was
embedded into one end of the unit and the 3D printed ends
with permanent magnets were glued onto the soft actuators
using the same silicon material (figure 3(e)). The PMC hinge
housings were secured onto the embedded (top and bottom)
supports that are placed through the soft actuator (figure 3(f)).
These are structural supports that hold the hinges and PMCs
in place (figure 3(g)).

The PMCs were constructed using 24-gauge wire, a carbon
steel core (6 mm in diameter and 8 mm thick), and a 3D prin-
ted housing (figure 2(d)). A 1.8 m wire is wrapped around the
carbon steel core in about 80 turns clockwise from the front
of the PMC. The wire coil and core are placed into a housing
and secured with a 3D printed cover. Two neodymium mag-
nets (10 mm in diameter and 2 mm thick each) are placed on
the rear of the PMC, directly onto the carbon steel core. The
PMCs are snapped into the hinge housings (figure 3(g)). Four
PMCs on each side of the unit are wired in series. To charac-
terize and identify the ideal configuration of the PMC, we var-
ied the PMC designs using different wire gauge and number of
magnets. Overall, three different configurations of PMCs were
constructed using one or two neodymium permanent magnets
with wire thicknesses of either 24 or 30 gauge. The magnetic
coil size had to remain the same (15 mm in diameter and 6 mm
in thickness) to preserve the form factor of the PMC, thus the
30-gauge wire had more windings (180 turns) than the 24-
gauge (80 turns).

2.3. Actuator control

The benefit of modularity in this design is that each actu-
ator unit can be controlled individually. There are two main
components to be controlled: pneumatic actuation and power-
ing of PMCs. Both components are controlled using a single
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Figure 2. Individual modular pneumatic actuator (MPA). (a) Exploded view of the MPA with indicated side PMCs and hinge supports. (b)
Cross-sectional view of modular unit showing the internal air chamber structure of the unit and the embedded inextensible layer. (c) Top
cross-sectional view of the MPA showing the internals of the assembled PMCs and air chambers. (d) Breakdown of components used to
manufacture PMC, including 3D printed housing, copper winding coil, carbon steel core, two neodymium permanent magnets, and a 3D
printed back cover.

Figure 3. Molding process of soft actuator. (a) 3D printed top and bottom molds ready to be poured with silicone rubber. (b) Molds filled
with silicone rubber. (c) An inextensible mesh layer is added to the bottom mold and the top section of the actuator has been removed from
the mold. (d) Top section is placed on top of the mesh layer in bottom mold, and the two sections are molded together with silicone rubber.
(e) Silicone tubing and unit ends are attached using additional silicone. (f) Top supports are inserted into holes that go through the units and
hinges are secured to supports. (g) Final completed MPAs with PMCs added to hinges. Scale bar: 50 mm.

Arduino microcontroller with a Bluetooth module that allows
full control of each actuator via a mobile device. For pneu-
matic control, each unit is connected to a solenoid valve
that can be powered on and off with a relay to control
the deflection of the actuator. The PMCs on each side of
the modular units are connected in series and each side
can be powered separately. The use of an H-bridge cir-
cuit for each side of the actuator allows for full current
control of the PMCs, either to provide power to disengage
them or to reverse the current to strengthen the magnetic
field and increase the attractive forces between the connected
PMCs.

2.4. Magnetic field strength calculation

The use of PMCs allows for decreased power consump-
tion, but the strength of the magnetic field produced
by the coils needs to be strong enough to cancel out
the magnetic field of the permanent neodymium magnet.
To calculate the magnetic field required to cancel the

effect of the permanent magnets, we used the Ampere’s
Law equation [39]

B=
µoNI
L

, (1)

where B is the magnetic field strength (Tesla), µO is the mag-
netic permeability of carbon steel taken as 1.4 · 10−8 (N·A−2),
the ratio N/L is the number of turns per length of the core/shaft
(turns per meter), and I is the current flowing through the
wire (A).

The measured magnetic field strength of the PMCs with
only the permanent magnet and carbon steel core was
34.85 mT. Using the Ampere’s Law and the recorded mag-
netic field strength, it was found that a current of 4.83 A would
be needed to cancel out this produced magnetic field. As dis-
cussed in more details in Results section, in our experiments,
the PMCs’ magnetic field was reduced to −0.94 mT with an
applied current of 5 A, which indicates that the theoretical cal-
culations and the experimental data match closely.

5
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Figure 4. Elemental unit and permanent magnet with coil data. (a) Representative graph of applied pressure and its corresponding angle of
deflection. (b) Correlation between pressure and blocking force of a representative actuator showing nonlinear force-pressure relationship
based on two repeated tests. The embedded image shows the experimental configuration. (c) The resulting magnetic field testing of PMC
with varying applied currents and constructions, including different wire gauge of the coils and the number of permanent magnets. Three
tests with different magnets were performed for each variation, standard deviation between tests was too small to represent visually on
graph. (d) Tangential and normal forces of PMC at various applied electric currents. Forces were applied to the housing of the units by a
force sensor at locations and directions indicated with arrows.

3. Results

3.1. Elemental unit and permanent magnets with coils
characterization

We began testing by determining the capabilities of the
independent elemental actuators. The pressure-deflection rela-
tionship of individual actuators was obtained using a unit that
was suspended vertically by end magnets. Figure 4(a) shows
the relationship between the applied pressure and the result-
ing actuator’s deflection, with a maximum deflection angle of
120◦ at an applied pressure of 7 psi (∼50 kPa). Using pressures
greater than 8 psi led to the permanent deformation and failure
of the unit; therefore, the maximum operating pressure in all
tests was 7 psi. The blocking force was measured in the same
configuration with a force sensor (Force Sensing Resistor (0–
2.2 lbs.), Honeywell, Charlotte, NC) located at the tip of the
actuator blocking the deflection. At a peak pressure of 7 psi,
the resulting blocking force was 3.2 N (figure 4(b)).

Three PMC designs were characterized to identify required
power to cancel out the magnetic field produced by the per-
manent magnet. Figure 4(d) shows the measured magnetic
field strength at the tip of the PMCs, as measured by a mag-
netic field meter. The strength of the magnetic field of perman-
ent magnets increased from 35 to 55 mT when increasing the
number of magnets in the PMC from one to two. The use of a
second permanent magnet allows the PMC to support greater

loads; however, this configuration requires additional current
to completely cancel out the magnetic field.

The results in figure 4(c) show that the magnetic field
produced by a single permanent magnet within PMC can
effectively be canceled out with a current of approximately
−5 A or doubled with a current of 5 A. The relationship
between the electric current and the magnetic field strength of
the PMC was observed to be only slightly nonlinear. The coil
constructed with a thinner 30-gauge wire produced a greater
magnetic field at a lower current but also generated more heat
due to the increased resistance of the thinner wire. Since the
PMCs are housed in a plastic casing, the increased heat can
induce additional thermal stress to the system, and over longer
periods of time, result in structural damages. By comparison,
the PMC configuration with 24-gauge wire had lower res-
istance and produced less heat. In addition, the larger dia-
meter 24-gauge wire also allowed the coils to be powered
with a maximum voltage of 8.4 V, which is significantly lower
than the 23.2 V needed to power 30-gauge coils. The lower
voltage requirement and the reduced heat generation made the
24-gauge wire a preferred option that was later used in our
design and all experiments. Though the coil was not able to
completely cancel out the PMC that utilizes two magnets, it
significantly reduces the force enough to allow for easy dis-
connection, as seen in the following experimentation.

To determine the effects of the electric current on the nor-
mal and tangential (shear) forces between two PMCs, we
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employed the experimental setup illustrated in figure 4(d). A
fixture with an embedded force sensor was used to pull the two
PMCs apart in the normal and tangential directions relative to
the face of themagnets. The normal force to separate the PMCs
without any applied current was 2.97 N and it nearly doubled
to 4.6 N when 5 A of current was applied. When a current of
−5 A was applied, the normal force was reduced to around
0.6 N, which would allow for easy separation of the PMCs
from one another. While the tangential forces of the magnets
also increased with current, the rate of increase was slower,
and the maximum value of 3.76 N was reached at an applied
current of 5 A. Furthermore, the normal force exceeded the
tangential force at all current levels. This observation indic-
ates that the strengths of modular configurations are direction
dependent, meaning that a multi-actuator robot configuration
that leverages interconnection forces in a normal direction will
be stronger than a similar system that relies on shear forces.

3.2. Configuration and stiffness modulation

The versatility of the MPAs allows them to form many struc-
tures with varying stiffnesses for a wide range of applica-
tions. To demonstrate this, we arranged these units in five
set configurations to test their resulting stiffness using a
force-displacement method, showing the range of controllable
mechanical properties such as flexibility and rigidity (figure 5).
With the single unit serving as a control (figure 5(b)), the other
four set configurations (figures 5(c)–(f)) consisted of mul-
tiple (2–4) units aligned with one another and connected via
their side magnets. The concentrated load was applied to these
structures as shown in figures 5(b)–(f). The linear configura-
tions with actuators connected in parallel (figure 5(c)) showed
a much lower stiffness and higher compliance when com-
pared to the angled and closed-form structures (figures 5(d)–
(f)), as demonstrated by the initial slopes of the force-
displacement curves in figure 5(a). By connecting the units
at a 90◦ angle using the hinges, the stiffness of the formed
structure increased significantly when compared to that of
the linearly connected structures (0◦ angle). Specifically, the
two-unit angled configuration (figure 5(d)) showed a high
degree of bending stiffness (kb = 110 N m−1) during the
initial bending displacement of approximately 10 mm as com-
pared to the stiffness kb = 42 N m−1 of the linear two-
unit configuration (figure 5(c)). These experimentally meas-
ured bending stiffnesses for both angled and linear config-
urations closely matched the theoretically calculated values
of 118 and 44 N m−1, respectively (see section 3.3 and
figure 5(g)). However, as the load increased and the angled
structure became more displaced, the configuration changed
from angular to nearly linear, due to the flexibility in hinges,
which resulted in reduced stiffness at larger displacements.

In addition, we evaluated the performance of the two
closed-form structures (i.e. square and diamond) (figures 5(e)
and (f)). The closed-form square structure (figure 5(e)) has the
highest moment of inertia (MOI) and theoretical bending stiff-
ness (see section 3.3), which suggested the highest structural
rigidity. However, this configuration relied mostly on the tan-
gential (shear) strength of the magnets rather than the rigidity

of the structure. Therefore, as the applied load and displace-
ment increased, the magnets became disengaged, resulting in
reduced stiffness and lower force capabilities. The closed-form
structures which demonstrated higher stiffness are intended
for applications where no movement of actuators is necessary.
These structures can be applied to situations where the robot
is required to lift or move bulky objects that cannot be grasped
by traditional means. The stiffening of the structure allows a
normally soft robot to become more rigid, opening up more
possibilities for its application in the workspace.

An increase in structural stiffness was achieved by rotating
the closed-form square structure by 45◦ to form a diamond
structure (figure 5(f)). This rotated configuration relied more
on the normal forces of the PMCs as opposed to the tangen-
tial forces as the concentrated load was applied in line with
the magnets. As a result, the experimentally obtained stiff-
ness increased from 219 N m−1 for square to 300 N m−1

for diamond configurations. We further investigated the effect
of the applied electric current in the PMCs to investigate the
maximum structural stiffness of the diamond configuration. A
current of 3 A was applied to further strengthen the connec-
tions between the PMCs, resulting in an increased force (6.5 N
at 30 mm displacement) required to separate the magnets
and units. This configuration had the same initial stiffness as
the unpowered diamond configuration; however, the engage-
ment of the magnets allowed the structure to maintain its
shape under higher forces. The stiffness modulation achieved
through unit structural reconfiguration clearly demonstrates
the advanced capabilities of the soft robotic actuators.

3.3. Stiffness value calculation

We determined the effective elastic modulus, E, of the MPAs
from the bending stiffness test (figure 5) with E defined as:

E=
1
3
FL
xI

, (2)

where F is the measured pushing force, L is the length
(120 mm) of the actuator where force was applied, x is the
displacement, and I is the MOI [39].

TheMOI for each of the different configurations was estim-
ated based on the cross section of the specific configura-
tion and the arrangement of the units (figure 6(a)). The lin-
ear portion of the force-displacement relationship shown in
figure 5(a), taken as displacement range from 0 to 10 mm, was
used to calculate each of the configurations’ stiffness obtained
from experiments. The force applied to the configuration at
a displacement of 10 mm was used in the calculation. The
average elastic modulus of elemental MPAs was calculated to
be 17.7 kPa. Using this value and equation (2), the stiffness
value can be calculated for any number of configurations of
ManusBot without the need to test it experimentally.

Figure 6 summarizes the calculated MOI values used for
finding the theoretical stiffness of each configuration. The
MOI, generally used as a simple measure of a structure’s
cross-sectional capacity to resist bending motion, is depend-
ent on the shape of the structure. In our analysis, the MOI
affects how much of a force/moment will be needed to
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Figure 5. Stiffness configurations used for analysis. (a) Stiffness data collected from five tested configurations showing their
force-displacement curves. The configurations tested include (b) a single unit, (c) two units connected linearly (0◦ angle), (d) two units
angled at 90◦, (e) four units in a square configuration, and (f) four units rotated to form a diamond shape configuration. All configurations
show applied location of force F. (g) Comparing the experimental and calculated stiffness values of the five tested configurations. Scale bar:
25 mm.
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Figure 6. Stiffness calculation for various MPA configurations. Table showing the configurations used for calculating their effective
stiffness values k. Moment of inertia was calculated based on the number and orientation of units, as illustrated with simplified schematics.
The force values were taken from configuration testing at 10 mm of displacement.

bend a structural configuration. The MOI was calculated by
simplifying the unit to a homogeneous solid geometric shape.
The simplest configurationwas a single actuation unit. ItsMOI
was calculated using the following equation I= bh3

12 , where b
and h are the width and height of the unit, respectively. For
other configurations, appropriate MOI equations were used
to accommodate the different orientations and the number of
units in the structure. Next, the calculatedMOI and the applied
force were used in equation (2) to determine the Young’s mod-
ulus of a single actuator unit. It is worth noting that the num-
ber alone does not represent the characteristics of any specific
material, but rather it represents the effective properties of a
singular unit. Using the calculated Young’s modulus, the stiff-
ness value k was calculated for each configuration. This cal-
culated value was compared to the experimental stiffness data
collected for all configurations.

Using the Young’s modulus calculated, the stiffness of
other configurations, even if they have not been fabricated
and tested, can be estimated. An example is a repeating angle
(corrugated) structure, which has not been tested experiment-
ally; however, its effective stiffness value can be obtained
using the analytical method described above. This approach
can help engineers design structures or module configurations
for applications with specific stiffness requirements without
the need for trial and error.

3.4. Grasping capabilities and strength

The modular units can be configured in multiple ways for
various grasping capabilities. Multiple experiments were per-
formed using these configurations for grasping objects. These
configurations can be divided into three main groups: pinch-
ing (2 units), disconnected square (4 units), and connected

square (4 units), as shown in figures 7(a)–(c). With a pinching
formation, the two units were able to grasp a variety of objects
of different weights, shapes, and sizes (figures 7(d) and (e)).
We evaluated the maximum load bearing capacity (i.e. the
maximum weight of the objects) during grasping tasks for the
two-unit and four-unit configurations (see figure 7(h)). The
two-unit configuration (figure 7(a)) was able to support forces
of up to 3.1 N before the object slipped. In a square configura-
tion with all four units completely disconnected (figure 7(b)),
the robot was able to support a weight/force of 3.9 N. When
the PMCs on all sides were fully connected (figure 7(c)), the
load capacity of the robot increased to 5.8 N, which is nearly
twice of that in the pinching configuration. It is important to
note that in these configurations, the size of objects that can be
grasped are limited to the aperture of the robot. The engage-
ment of the PMCs was shown to keep the actuators closer to
the grasped object under pressure, allowing them to hold the
object with a higher force. The results obtained in figure 7(h)
are based on objects of similar shapes and sizes. The higher
weight capacity of the connected square configuration high-
lights the advantages of using the side PMCs.

ManusBot is a modular soft robot constructed of two to
four elemental soft actuator units arranged (connected or
disconnected) in parallel, all of which are attached to the
sides of two additional units to form a hand-like configura-
tion (figure 8(a)). The independent control of the top actuat-
ors can shape and tailor the gripper configuration that enables
grasping of objects with a broad range of shapes and sizes.
ManusBot can wrap around long objects and grasp a tall, soft
inflated bag (figures 8(b) and (c)) or pick up a small rigid object
(figure 8(d)). The measured holding force in this configura-
tion was measured to be 1.16 ± 0.22 N. Because ManusBot
can wrap around the objects it is grasping, this configuration
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Figure 7. Grasping configuration testing. (a) Pinching configuration while grasping a 3D printed cube. Square configuration grasping a 3D
printed cube with (b) disconnected and (c) connected side PMCs. The weight of the 3D printed cube is 15 grams and was accounted for in
grasping force. ManusBot grasping (d) a pencil and (e) a water bottle. (f) ManusBot grasping force for two-unit pinching and four-unit
square configurations in both disconnected and connected states. Scale bar: 30 mm.

is able to pick up tall objects (taller than the robot itself)
without interfering with actuation. Figure 8(d) demonstrates
ManusBot’s abilities and the order-of-operation with a time
sequence of picking up a 3D printed object.

The true uniqueness of the ManusBot lies in its ability
to adapt its shape and strength on demand, depending on
the weight, shape, and size of the objects being handled.
Figures 8(e)–(g) demonstrate the novelty of ManusBot’s
reconfiguration abilities by grasping an object of larger size
and weight that cannot be grasped in its initial configura-
tion. When the actuators are configured to form a closed-
form (square/diamond) structures with engaged PMCs and
applied pneumatic pressure, the structural stiffness signi-
ficantly increases. Such robot configurations can be used
for load-bearing applications where minimal deformation
of units is expected. By altering its structural configura-
tion and stiffness properties, the ManusBot can hold objects
with unique shapes (e.g. through body insertion in an open-
ing in the demonstrated example). Our findings demonstrate
ManusBot’s increased grasping potential, thus underscoring

its remarkable versatility and expanded functionality. By
tailoring its form and strength to various tasks, the ManusBot
offers a promising new approach to robotic manipulation in a
range of settings.

4. Discussion

Here we discuss the implications of the modular actuator
concept in terms of its capabilities and possible applications
as a versatile grasping soft robot. There are numerous uses
of these MPAs outside of the demonstrated configurations.
The modular design allows these actuators to easily con-
nect to one another in ways that are best tailored for spe-
cific applications. Modularity increases the usefulness of the
soft robot system and can help eliminate the need for users
to buy multiple task specific devices or robots. The versat-
ility of the modular soft robot can be further expanded by
increasing the load capacities through other interunit con-
nection methods,such as an end-to-end connection to create a
snake-like robot using the same modular actuators.
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Figure 8. ManusBot grasping various objects. (a) ManusBot soft robot constructed from six modular soft units. ManusBot grasping (b) a
paper towel roll and (c) a tall, inflated plastic bag. (d) Time sequence of ManusBot bending and picking up a 3D printed cube in the
pinching configuration. (e) ManusBot before reconfiguration and a 4-inch PVC fitting. (f) ManusBot reconfigured into a square
configuration. (g) ManusBot inserted into PVC fitting and inflated to grasp fitting. The embedded image shows ManusBot digits inflated
inside PVC. Scale bar: 30 mm.

The use of magnets on both ends of the elemental MPAs
allows for quick changes of the actuator units or adding/re-
moving custom grasping end units, as seen in figure 7. Due to
the modular capability of these actuators, it is possible to use
custom-designed grasping ends that can be quickly fabricated
and attached to the robot to allow grasping of uniquely shaped
objects in specific applications. For example, for very small
parts, smaller rubberized grips can be attached to allow for
more precise grasping. It may even be possible to attach addi-
tional PMCs to a custom attachment to allow for the grasping
of metallic objects, from large and heavy (e.g. beams) struc-
tures to small and light parts (e.g. screws) in an assembly line.

The proposed soft reconfigurable robots have the potential
to be used in a wide variety of applications, including auto-
mated industrial operations, collaborative robotics, manufac-
turing, medical robotics, space robotics, and search and rescue
missions [9]. ManusBot can be used in automation environ-
ments, performing a variety of repetitive tasks such as sorting
and moving objects of various shapes and sizes. The modu-
larity of this design allows for the purchase of a single robot
to complete multiple task-specific operations on an assembly
line, saving money for the end users by eliminating the need
to buy different machines for these tasks [40]. The soft nature
of the design allows the robot to grasp and move fragile and
delicate objects such as fresh produce or glassware. Lastly,
this design has great potential in education and training pur-
poses by introducing students to numerous soft robotics prin-
ciples such as pneumatic actuation, magnetic devices, con-
trol methods, and object manipulation [41]. Its modular design
makes it a great learning tool in a similar way to how LEGO
inspires creativity in children. Students can be highly creative,

yet provided with additional design freedom, to engineer their
own robots using these modular units.

In this growing field of modular soft robots, many other
designs have emerged, each showcasing distinct advantages
and limitations. While some modular soft robots focus on
achieving specific functionalities or morphologies, others pri-
oritize adaptability and reconfigurability. Our modular robot
design stands out from these alternatives through its unique
side and end magnetic connections, allowing for actuator-
to-actuator connections instead of an attachment to a spe-
cially designed rigid base. This feature enables our modules
to exhibit a high degree of reconfigurability and adaptability
for versatile tasks. Another notable feature is the unique cap-
ability to modulate stiffness through reconfiguration, an abil-
ity not observed in other modular soft robots. Furthermore, our
actuator typically operates at lower pressures and yields higher
force output compared to alternative designs (see table 1).
Nevertheless, it is important to acknowledge the inherent
trade-offs associated with our design, such as the increased
weight due to the additional magnets and rigid components.
Additionally, the softer andmore compliant nature of ourmod-
ules, while allowing for lower operational pressures, can lead
to gravitational sagging when configured in complex forma-
tions, posing challenges in maintaining desired configurations
over extended periods. Despite these drawbacks, the innovat-
ive features of our modular soft actuators allow for enhanced
versatility and performance in diverse applications, highlight-
ing the ongoing evolution and exploration within the field.

The current system also has several limitations. The use-
fulness of these soft actuators varies greatly with the scale at
which they are produced [16]. The scaling of these units is
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Table 1. Comparison of existing modular soft robotic actuators.

Notable
capabilities Connectivity Blocked force Bending angle Operating pressure References

Modular
pneumatic
actuator,
ManusBot

High
configurability,
variable stiffness,
shape adaptability

Actuator-to-
actuator,
base-to-actuator

3.2 N 130◦ 55 kPa This work

SoBL, Fast-build
modularized
design block

Mechanical
connection, high
configurability

Actuator-to-
actuator,
base-to-actuator

1.22 N 110◦–250◦ 25–55 kPa [13]

3D printed
modular soft
gripper with
metamaterial

Shape conformity Base-to-actuator 1.94 N 120◦ 150 kPa [14]

Soft hands with
magnetic
elements

Variable stiffness Base-to-actuator N/A N/A 10 kPa [21]

3D printed soft
gripper

N/A Base-to-actuator N/A 104◦ 50 kPa [15]

Soft modular
robot with
docking

High
configurability,
three degrees-of-
freedom

Actuator-to-
actuator

N/A 180◦ 110 kPa [12]

limited by the strength of the permanent magnets and the size
of the electromagnets needed to cancel out the magnetic field.
As the units get larger, the mass of each unit will increase,
and a stiffer pneumatic actuator would be needed. This can
be overcome either by altering the material they are made of
(e.g. using elastomers with higher hardness) or by altering the
structure they are molded from. The design also consists of
multiple hard components that could limit applications where
these robots can be used as these add weight and rigidity to the
units that can affect their safety and functionality. We acknow-
ledge that our design has not yet been optimized for weight
and material/component selection, which is a limitation of our
current design. However, when compared to the performance
of other soft fluidic actuators [9], our actuator was able to
double the generated force (3 N) at 1.5 times lower pressure
(7 psi), which results in increased safety of operation due to
lower pressures. Lastly, the current actuator design is tethered
with pressurizing tubes and electric wires. However, continued
miniaturization of components, use of flexible electronics and
micropumps, integration of soft and flexible materials, and on-
board power supplies can potentially enable untethered, stan-
dalone designs. Integration of soft and flexible materials to
replace rigid components can enable creation of completely
soft modular robots. Future iterations of this design may show
smaller, lighter, untethered, softer, and more versatile robotic
actuators which can be used in precision-based applications.

In summary, our soft robotic actuator’s modular design
allows the robot system to be used in a great number of ways.
One of the main advantages of our design is its novel inter-
locking mechanism that allows the units to be interconnec-
ted. We have demonstrated a configuration, ManusBot, that
can be formed using multiple modules utilizing their mag-
nets and PMCs.We have demonstratedManusBot’s abilities to

modulate its stiffness by altering the structural configuration
and to grasp objects of various shapes, sizes, and materials.
The modular soft pneumatic actuators used to construct the
ManusBot can be reconfigured intomany other robotic designs
for versatile applications, from search and rescue to manufac-
turing, due to their high modularity and the vast possibilities
in structural configurations.
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