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Abstract—The practical effectiveness of modular robotic
systems depends heavily on the connection mechanisms used
to join their separate entities, particularly for those systems
capable of self-reconfiguration. This work presents HiGen, a
high-speed genderless mechanical connection mechanism for
the docking of robotic modules. HiGen connectors can join with
one another in a manner that allows either side to disconnect
in the event of failure. During connection electrical contacts
are mated, supporting the concurrent use of local and global
communication protocols, as well as power sharing techniques.
Rapid actuation of the mechanism allows connections to be
made and broken at a speed that is, to our knowledge, an
order of magnitude faster than existing mechanical genderless
approaches that feature single-sided disconnect, benefiting the
reconfiguration time of modular robots. The HiGen connector is
intended for future work in modular robotics, but could also see
use in other areas of robotics for tool and payload attachment.

I. INTRODUCTION

The concept behind modular robotics is that rather than
building a bespoke system for a given task, a kinematic
approximation is assembled out of a number of ready-made
entities, known as modules, instead. These modules have the
advantage that they can be easily replaced when damaged
or inoperable, as well as rearranged when their task or
environment changes.

Modular systems can be identified as either manually re-
configurable or self-reconfigurable [1], based on the method
used for connection. The former of these requires an external
operation or user to separate and reattach modules, whereas
the latter gives modules the ability to perform this action
themselves. Self-reconfigurability presents a challenge for
the field, as reliable connection mechanisms need to with-
stand the expected forces, provide accurate alignment, and
in many cases feature inter-module communication.

This paper presents a novel 90 degree symmetric con-
nection mechanism for self-reconfigurable modular robots,
called HiGen (see Figure 1). It is capable of actuating in a
short time, and features a genderless latching method that
allows for independent detachment from a neighbor, without
mediation. This is important for the self-repair of modular
systems, as malfunctioning modules can be discarded to
allow the remaining modular assembly to continue with a
given task. To benefit modular systems that form lattice struc-
tures, the HiGen is capable of extending and retracting its
latching mechanism as part of the actuation process, creating
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Fig. 1. The HiGen connector, shown (a) face-on, and to the side in its (b)
retracted and (c) extended states.

clearance between two neighboring modules, easing self-
reconfiguration. This is demonstrated in Figures 1b and 1c. A
further feature of the connector is the integration of multiple
electrical pathways between connected modules, allowing
for both local communication between neighbors and global
communication to all modules within an assembly, as well as
power transfer. These pathways are automatically made and
broken as part of the extension and retraction operations.
Many of these aspects have been demonstrated on systems
in the past (e.g. [2], [3], [4]); however, HiGen is the first
connector to combine them all into a single unit.

The rest of this paper is organised as follows. Section
IT overviews related works in modular robotics and their
connection methods. Section III details the mechanical and
electrical design of the HiGen connector. Section IV presents
various experiments conducted with the connector. Finally,
Section V concludes this paper and discusses future work.
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TABLE I
A COMPARISON OF CONNECTORS SUPPORTING SELF-RECONFIGURATION
IN MODULAR ROBOTS, WITH KNOWN ACTUATION TIMES

System / Category Gender Path-  Actuation
Connector ways Time (s)
ATRON [3] Mechanical Gendered 2 2.4
M-TRAN I/II [10] Mag-Mech. Gendered 3 60 to 180
M-TRAN III [11] Mechanical Gendered 5 5
DRAGON [2] Mechanical Bi-gendered 12 0.2
Roombots [12] Mechanical Bi-gendered 0 2
SMORES [13] Mag-Mech. Bi-gendered 0 08t023
Pebbles [14] E.-Magnetic ~ Genderless 1 0.0003
RoGenSiD [15] Mechanical Genderless 2 12
SINGO [4] Mechanical Genderless 0 25
HiGen Mechanical  Genderless 12 0.2

II. RELATED WORK

Over the past 25 years, many modular robotic platforms
and connection mechanisms have been developed, expanding
upon initial investigations on the CEBOT [5] platform. This
has led to a variety of solutions to the connection problem,
ranging from techniques for manual reconfiguration via lock-
ing [6], friction [7] and magnets [8], to controlled operation
for self-reconfiguration. The majority of controllable connec-
tion mechanisms can be categorised as mechanical, magneto-
mechanical or electro-magnetic. A notable exception to this
is [9], which employs electro-static forces to join connectors.
Additionally, these mechanisms can be sub-classed into
either gendered, bi-gendered or genderless, based on how
their neighboring mechanisms can connect.

e Gendered - Connectors that feature two distinct vari-
ants that mate together. One surface features an active
element, such as a latch or electro-magnet, whilst the
other contains passive elements, like posts or permanent
magnets. These surfaces are typically referred to as
male and female, although either one can be the active
element, depending on the specific implementation.

o Bi-gendered (hermaphrodite) - This extension of the
gendered approach combines both active and passive
elements into a single connector design. Using a bi-
gendered mechanism allows all connectors on a module
to be identical, removing restrictions on which surfaces
are able to connect together, and only needs a single
side to actuate in order to make a connection. In the
case of latch-based mechanisms, if both sides actuate
both must disconnect in order to break the connection.

e Genderless - Rather than combining active and passive
elements into a single design, genderless mechanisms
feature active elements that mate with their neighboring
active elements in such a way that either side can
disconnect without action from the other.

A comparison of various connectors is shown in Table L.

A. Mechanical

A traditional approach to the connection of modules is to
use a method of mechanical latching to lock them in place.
A motor or other form of actuating element, such as a shape
memory alloy (SMA), is used to extend hooks or clamp
on to posts. Systems such as CONRO [16] and Crystalline
[17] employ a gendered approach of passive posts mating
with active holes, and active latches mating with passive
grooves, respectively. A limitation of the CONRO design
is that releasing the latch does not automatically disengage
the two connectors, requiring that a separate operation be
performed to pull them apart.

The M-TRAN III platform [11] uses extendible hooks to
overcome the limitation of the post-hole approach. When
retracted M-TRAN’s connection surfaces lie completely flat
with its neighbor’s, allowing for translation parallel along
the surface, and thus removing the need for a separate
operation to pull the connectors apart. This surface-to-surface
connection, whilst allowing for translation, prevents modules
from rotating on axes perpendicular to the surface, requiring
clearance to be gained first. This shortcoming is addressed by
ATRON [18], which creates a point-to-point connection with
its neighboring modules, by extending hooks a significant
distance out of its active surfaces. When retracted a gap is
produced sufficient for a collection of ATRON modules to
rotate in place within their lattice position.

The use of hooks and latches has seen bi-gendered adap-
tations on a number of connectors, including CoBoLD [19]
and DRAGON [2], as well as the connectors on the 3-D Unit
[20], Roombots [12], and PolyBot [21] platforms. A limiting
factor of these bi-gendered designs is that the latching
mechanisms work independently of each other, meaning that
if a connector malfunctions whilst being connected, actions
taken by its neighbor will not break the connection.

Recent works have seen the creation of connection mech-
anisms that overcome limitations of mechanical bi-gendered
designs, by offering single-sided disconnect. Only two sys-
tems exist thus far that demonstrate this capability.

The SINGO connector [4] for the Superbot platform
achieves genderless latching using a chuck-like arrangement
of hooks that translate in and out from a central point along
the surface. This design allows an opposing connector to
contract its hooks around those of the other whilst the other
simultaneously expands its hooks to meet at a mid-point.
If one side fails the other can actuate its mechanism in
the appropriate direction to separate. Unfortunately, the use
of a chuck requires mediation between connectors prior to
connecting in order to assign movement roles, meaning the
operation of each connector is not strictly genderless.

The RoGenSiD connector [15] for the ModRED platform
[22] creates a genderless connection using a rotating plate
with hooks arranged around it. This plate is able to turn in a
clockwise direction relative to its surface normal to mate
with an opposing connector performing the same relative
operation, removing the need for prior role mediation. To
prevent unwanted disconnection as a result of rotational
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forces, a number of posts are used to maintain alignment.
These posts introduce the mentioned issues of gendered
mechanical designs, by requiring an operation external to the
connector to fully separate the two surfaces, which in this
case relies on a translational actuator within the ModRED
[22] platform on which RoGenSiD features.

B. Magneto-Mechanical

Mechanisms that employ both a mechanical actuator
and permanent magnets can be considered as magneto-
mechanical connectors. Their defining feature is that mag-
nets are used to make the connection between neighboring
modules, and a mechanical element is used to separate them.
A well known example of this technique is on the original
M-TRAN and its version II update [10]. It features north
and south polarity connectors, arranged on the module such
that north always aligns with south within a lattice structure,
allowing connections to be automatically made when any
two meet. To separate them a mechanical force is applied
on the north connectors to make the magnets recede into the
surface. This is achieved by the use of SMA coils that, when
heated, apply a strong pulling force to overcome the strength
of the magnets. Due to the properties of the SMA material
used, this process can take over one minute to perform.

Another method of separating two permanent magnet
connectors, as employed on the SMORES platform [13], is
to use an actuating rod to hold the neighboring connector
in place, whilst rotating the other. This has the advantage
that all the connectors are the same, as they feature a bi-
gendered arrangement of magnets, and are able to disconnect
significantly faster than the SMA approach.

The M-Blocks system [23] uses a unique solution to dis-
connecting two module surfaces containing permanent mag-
nets. Instead of having an actuated element on the surface, it
uses an inertial mass to exert an abrupt momentum transfer
onto the module, allowing it to roll from one face to another,
as well as jump sections of an assembly. Using an internal
actuator to produce an external force allows M-Blocks to be
completely enclosed, increasing their robustness.

C. Electro-Magnetic

The use of connectors based upon electro-magnets allows
for faster connection/disconnection compared to mechanical
based solutions, and enables modules to be created without
moving parts, potentially giving them increased robustness.
Electro-magnets can be used in one of two ways; either
on their own with power applied to create an attractive
or repulsive force, as with Catoms [24], or combined with
permanent magnets to cancel out the normal attractive force
of a connection surface, as used on Molecubes [25]. The
gender of electro-magnetic systems is defined primarily by
their use of permanent magnets, with bi-gendered being the
combination of north and south elements on a single surface.

A method for overcoming the power requirement of
electro-magnets to maintain state is to employ electro-
permanent magnets. These are magnets with two different
materials, one of which can be influenced by an external coil.

Fig. 2.
(b) docking hooks, (c) motor and switch mount, (d) drive shaft, (e) shroud,
(f) connection board, (g) DC geared motor, and (h) contact switches.

A breakdown of the HiGen connector, showing the (a) housing,

When an electro-magnetic field is applied, the direction of
one material’s field is flipped to either add to or subtract from
the other’s field, creating a magnet that can be switched on
and off. This is put into practice on the Pebbles platform [14],
with magnets being placed sideways across the connection
surfaces to expose both north and south poles. Placing
magnets in this way allows the Pebbles to have a genderless
connection surface, as either side is able to freely disconnect
from the other.

III. THE HIGEN CONNECTOR

The HiGen connector consists of five 3D printed ABS
plastic components, a custom connection board, a DC geared
motor, two contact switches, and control circuitry. A break-
down of the connector is shown in Figure 2. The design
is cylindrical, measuring 71 mm in diameter, with a depth
of 32mm at its thickest point, and 16 mm at its thinnest,
with a weight of 67g. The motor is housed directly in
the center of the design and features a 298:1 gearbox,
giving it a quoted speed and torque at 6V of 79 rpm and
338 mNm, respectively. Contact switches are used to detect
the connector’s retracted and extended states.

A. Mechanism Details

The design of HiGen features four hooks placed radially
around a central axis, with the motor rotating them between
the two states. These hooks mate with an identical set of
hooks on an opposing connector by passing over each other,
forming a hook-to-hook relation. This arrangement enables
single-sided disconnect in the HiGen design. The use of
rotational latching, as opposed to translational chuck latching
as in the SINGO [4], allows for the operation of two joining
connectors to be identical, simplifying the control involved
in creating a connection.

A shroud component is used to avoid any rotational forces
around the central axis causing unwanted disconnects. This
element mates with the opposing connector via the use of
four protrusions, which are tapered to provide a degree of
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Fig. 3. Snapshots of the connection sequence of two HiGen connectors,
showing the hooks (in purple) extending behind each other and locking in
place. The shroud is transparent to help show the motion of the hooks.

auto-alignment. The arrangement of hooks and protrusions
allow for connections at 90 degree intervals. Once two
connectors are joined they can maintain a connection even
when power is removed. An enclosed area is created by the
shroud that prevents external manipulation of the hooks, and
motor gearbox friction acts to limit any momentum transfer
from indirectly separating them.

In addition to aiding alignment, the shroud also houses
the connection circuit board. This features a number of
spring-loaded pins (covered in more detail in Section III-
B), each with a quoted force of 0.6 N at half compression,
enough to cause strain on the motor. To overcome this force
8 neodymium magnets are included within the protrusion
surfaces, enough to counteract the spring force but not
enough to hold a connection, unlike magneto-mechanical
designs. A caveat of using magnets within the shroud is that
a force needs to be applied in order to electrically disconnect
two joined connectors. This is automatically handled by the
HiGen connector design.

To facilitate the connector’s use on modules within large
configurations, and to apply a disconnection force, the hooks
and shroud extend out of and retract into their housing as
part of the actuation process. Translation of these elements is
achieved via the use of helical guides within the connector’s
housing, causing the hooks to spiral in and out of the
mechanism. Animation steps of the process during connec-
tion are shown in Figure 3. This approach not only allows
electrical contacts to be made and broken without modules
being required to move, it also produces a clearance between
neighbors of 12 mm. Inspiration for this functionality was
taken from the ATRON [18] and 3-D Unit [20] systems,
which also connect with their neighbors by extending hooks
some distance above their respective surfaces. This concept,
as applied to HiGen, is illustrated in Figure 4, where a central
module is free to rotate within a lattice structure.

e 4
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Fig. 4. A grid of square modules featuring HiGen, showing how a central
module is able to rotate in place within a lattice structure, without neighbors
being required to move to provide clearance.

B. Electrical Details

Electrical connections between two HiGen connectors are
made by a custom circuit board housed within the shroud,
featuring 12 spring-loaded pins, 12 static pads, and 2 flat-flex
cable connectors for interfacing with external circuitry. The
flat-flex cable connectors have a maximum quoted current per
contact of 500 mA, whereas the pins and pads can handle up
to 3.5 A each. In total the connection board offers six wired
channels between neighboring modules, all with separate
incoming and outgoing pathways. The roles of these are:
Ground, Power, Connection Sense, Two-wire Global Com-
munication (e.g. I’C, CAN bus), and Local Communication
(e.g. serial). Not all of these roles require separate directional
pathways, so instead the directions can be combined to add
redundancy or increase current capacity, as in the case of
power transfer.

To account for the four times symmetric nature of the
HiGen connector, a staggered placement of contacts is used
similar to that of M-TRAN III [11], but in a bi-gendered
formation. In this case, the outgoing pins are duplicated by
180 degrees, and the incoming pads by 90 degrees, resulting
in double the number of contacts necessary for a single
orientation interval (24 versus 12). In addition to this, the
incoming pads for half of the channels are 180 degrees offset
from the rest to ensure that the spring-loaded contact force
of two joining boards remains roughly central regardless of
connection orientation. The specific placement and intended
role of each contact is shown in Figure 5. Figure 6 shows
how the pins and pads of two boards make contact at each
orientation interval.

To perform orientation detection, the local communication
channel is separated out into two outgoing and two incoming
pathways (A and B). Depending on the orientation of the
connection, a unique arrangement of these pins and pads is
produced between one connector and its neighbor (e.g. A-A,
A-B, B-A, B-B), such that only a single pathway is formed.
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Fig. 5. The arrangement and roles of the pins (dots) and pads (circles)
on the contact circuit board. Note that the local communication channel,
labelled Serial, has all its pins and pads separately accessible.
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Fig. 6.  An illustration of the pins (dots) and pads (circles) that make
contact when two connectors are joined, at each orientation interval. The
bottom board contacts (red) remain fixed while the top board contacts (blue)
are flipped and rotated in a clockwise direction from (a) to (d). The dashed
lines indicate the resultant mirror axes from these combined operations.

By identifying the transmitting and receiving pair of contacts
the orientation between two connectors can be determined.
Once identified the channel can return to being used for local
communication. This is in contrast to solutions such as that
on the UBot modular platform [26], which has dedicated pins
that can be read to discover the orientation state.

IV. EXPERIMENTS

In order to validate the HiGen connection mechanism two
complete units were manufactured. The units are controlled
using two separate circuits consisting of an Arduino Pro Mini
16 MHz microcontroller, a motor driver, and a number of
buttons and light emitting diodes (LEDs). Power is provided
by a bench supply running at 6 V, with electronics regulated
down to 5V on board each Arduino. The connectors were
tested for actuation and connection time, electrical connec-
tivity, connection repeatability, and load capacity. Figure 7
shows the setup used for conducting connection trials. A
video showing the HiGen connector in operation is included
in the supplementary material.

Fig. 7. The apparatus used to perform connection trials (excluding power
supply and logic analyser). The left connector is free to move on the surface,
whereas the right is fixed but able to rotate around the connection axis.

A. Actuation and Connection Time

To measure the transition time between the HiGen’s re-
tracted and extended states, a logic analyser was connected
to the motor control lines and the two contact switches of
each unit in turn. The time from the initial trigger event until
the related contact switch gets pressed and settles is used as
the actuation time measure.

A series of 10 actuations were conducted with each
connector in isolation. The results of these trials are:

e Unit One - Average extending time 0.239s =£0.005.
Average retracting time 0.242s £0.003.
e Unit Two - Average extending time 0.196s £0.001.
Average retracting time 0.189s +0.001.
The discrepancy between the two units’ times may be
attributed to differences in the surface friction of the mech-
anisms as a result of using 3D printing, affecting the final
motor speeds when subjected to the same 6 V supply.

The motor within HiGen offers high actuation speed at the
cost of low connection torque. To determine if this torque
has any detrimental effect on the connection process the two
HiGen units were connected and disconnected over a series
of 10 further trials, with both units receiving a simultaneous
trigger pulse. The results of these tests are:

o Unit One - Average connection time 0.252s £0.004.
Average disconnection time 0.248 s +0.006.

e Unit Two - Average connection time 0.198s £0.003.
Average disconnection time 0.205s +0.001.

These timings show that connecting to and disconnecting
from a neighboring mechanism only marginally effects the
actuation time of each unit. The results demonstrate that
the HiGen design is significantly faster than the existing
selection of genderless mechanical connection mechanisms,
and on par with the fastest bi-gendered designs.

B. Electrical Connectivity

Experiments were conducted with the two HiGen units to
verify the successful connection of the electrical pathways at
each 90 degree orientation interval. For this the connection
sense line of each unit was wired up such that connecting
with a neighbor would pull the line low. This way, either
microcontroller is able to know if it is electrically connected
to another mechanism even if that mechanism is not receiving

3930



(@) (b)

Fig. 8. Two HiGen connectors being tested for connection repeatability at
the designed separation distance, (a) detached and (b) connected together.

power. This is useful for situations where a tool has no
internal power, and is instead powered via the connection.

Orientation detection was tested by mating the two con-
nectors at different orientation intervals. Each Arduino mi-
crocontroller, upon detecting a connection via the sense line,
initiates a transmission along both its serial communication
lines. The other microcontroller then determines its orien-
tation by detecting which message is received on which
pathway. For instance, if message A is received by input
B then the connectors are 90 degree offset from each other.
The microcontrollers are then able to communicate via the
connected input and output pathways, until they detect a con-
nection being broken. Reconnection automatically initiates
the orientation detection routine.

C. Connection Repeatability

The two HiGen units were brought together to test their
ability to connect under different alignment conditions. Ini-
tially 10 trials were conducted with both units actuating
simultaneously, to test the designed separation distance of
12mm (see Figure 8). This presents the well aligned case,
and was successful for 100% of the trials. An additional
10 trials were conducted at a closer distance of 6 mm to
verify the connector’s ability to push its neighbor towards
the designed separation distance, with all being successful.

To test the connector’s ability to handle other forms of
misalignment, Unit One was placed in its extended state,
whilst Unit Two repeatedly connected to it. The misaligned
cases considered here are detailed in Figure 9. A connection
was deemed to be a success if the two units fully joined
together and were able to exchange handshake messages,
as indicated by LEDs illuminating on both microcontroller
boards. 200 misalignment trials were conducted in total.
Table II shows the success of these trials, and includes the
earlier 20 trials. Note that resetting the experiment after each
misalignment trial involved the single-sided disconnect of
Unit Two from Unit One.

D. Load Capacity

A final test was performed on the HiGen connector to
determine its load carrying capacity. This was achieved by
connecting the two units together, suspending them in a
vertical orientation and hanging a mass below. A spring
balance was used to measure the load. During this test the
connectors were disconnected from the bench power supply,
due to limited cable length to the microcontrollers.

(d)

Fig. 9. Four ways two HiGen connectors may be misaligned: (a) parallel
translation, (b) perpendicular translation, (c) roll rotation, (d) yaw rotation.
Each pair of images shows the range of misalignment tested. Unit One is
on the left, and Unit Two is on the right of each image.

The combined assembly of two connectors and mounting
hardware weighed 145 g. When suspended, it was capable of
supporting a load at the limit of the measuring instrument,
which was 2kg. Although this is not a thorough test of the
load capacity of the mechanism, it gives an indication that
3D printed parts are already suitable for use on connectors. If
the mechanical parts were made of metal, the load carrying
capacity of the HiGen mechanism could be further increased.

V. CONCLUSIONS

This paper presented HiGen, a new mechanical gender-
less connection mechanism for self-reconfigurable modular
robots. Its genderless design allows for single-sided dis-
connect, benefiting the self-repair capabilities of modular
systems. HiGen is the fastest connection mechanism of its
kind, minimising the time taken for modules to connect and
disconnect when performing complex self-reconfigurations.
It features multiple electrical pathways, enabling the con-
current use of several communication protocols as well as
power sharing techniques. Furthermore, HiGen is the only
genderless connector in which latching elements are able to
retract into the mechanism to create clearance for modules
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TABLE I
RESULTS OF PERFORMING MISALIGNMENT TRIALS ON HIGEN

Test Parameter ~ Successes
Parallel Translation 6.0 mm 10 of 10
Well Aligned 12.0 mm 10 of 10
Parallel Translation 13.5mm 10 of 10
Parallel Translation 15.0 mm 6 of 10
Parallel Translation 16.5 mm 5of 10
Parallel Translation 18.0 mm 0 of 10
Perp. Translation +5.0mm 1 of 10
Perp. Translation +2.5mm 4 of 10
Perp. Translation -2.5mm 3 of 10
Perp. Translation -5.0mm 0 of 10
Roll Rotation +12° 2 of 10
Roll Rotation +8° 9 of 10
Roll Rotation +4° 10 of 10
Roll Rotation -4° 10 of 10
Roll Rotation -8° 9 of 10
Roll Rotation -12° 3 of 10
Yaw Rotation +15° 3 of 10
Yaw Rotation +10° 10 of 10
Yaw Rotation +5° 10 of 10
Yaw Rotation -5° 10 of 10
Yaw Rotation -10° 9 of 10
Yaw Rotation -15° 2 of 10

to translate or rotate in place within a lattice structure. Two
full prototypes were built, and over 200 trials conducted to
validate their capabilities.

Future work will incorporate the HiGen connector into a
new modular robotic platform currently under development,
whereby self-reconfiguration strategies will be explored to
demonstrate the connector’s effectiveness.
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