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Abstract 

The intelligent space (iSpace) is a representative extensive environmental system. In the iSpace, various Distributed 
Intelligent Networked Devices (DINDs) are installed for the provision of useful services. Through the input device of 
the DIND, the iSpace recognizes a spatial situation and user’s demands and then determines the appropriate service 
based on the recognized information. Physical and nonphysical services are provided by the agent robots and the 
output devices of the DINDs. The system is designed to increase the convenience of the user’s life. However, the con‑
ventional iSpace has an unsolved problem related to a DIND’s physical location, because most DINDs are fixed to the 
walls and ceiling, and this constrains a DIND’s usable range. To solve this problem, a self‑configurable iSpace, referred 
to as reconfigurable intelligent space (R+iSpace), and a mobile module (MoMo) for the R+iSpace are proposed 
in this paper. A MoMo is a type of wall climbing robot, and the DIND is mounted on the MoMo. The DIND’s spatial 
constraint problem can be solved by rearrangement of the MoMo. MoMo has several necessary conditions that must 
be satisfied, and we developed three prototypes that fulfilled these requirements. This paper describes the required 
conditions and the mechanical structures of the prototypes of MoMo. The prototype of MoMos can move within 
modified walls and ceilings. Experiments to verify the mobility of the latest prototype of MoMo and effectiveness of 
the R+iSpace were performed. The latest prototype of MoMo is found to have a mechanical structure for the imple‑
mentation of the R+iSpace that is superior to the previous versions, and the R+iSpace is found to effectively solve the 
DIND’s spatial constraint problem.
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Background
Intelligent environments (IEs) are extensive environmen-
tal systems that provide information and services to their 
users. They are known by various names such as smart 
room, ubiquitous computing environment, and intel-
ligent space (iSpace) [1–4]. The interaction between an 
IE and a user is realized by networked sensors that are 
installed in the walls and ceilings of a building. In the case 
of the iSpace, these are Distributed Intelligent Networked 
Devices (DINDs). Spatial situations or user’s demands are 
identified by the recognition application of the DINDs 

through input devices such as a camera and a micro-
phone. The DINDs in the iSpace integrate the obtained 
information from the DINDs with the recognition appli-
cation and then decide the appropriate service according 
to the current situation. This service is provided by agent 
robots and DINDs through output devices such as a pro-
jector and a speaker. Physical agent robots provide the 
physical services, and the DINDs handle the information 
provision services.

The disadvantage of conventional IEs
Many studies have been focused on the improvement 
of iSpace’s performance [5–7]. The performance of the 
iSpace is evaluated by the suitability of the provided 
service and the completeness of the service fulfillment. 
High-quality recognition results assist in deciding on the 
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proper service according to the situation; moreover, such 
results can be achieved by the high-performance recog-
nition application or advanced input devices. However, 
even though the iSpace uses the high-performance rec-
ognition application with advanced input devices, it does 
not guarantee that the recognition result will have a con-
sistent high accuracy because all devices have a spatial 
constraint issue. It is quite obvious that the recognition 
results of a target in the blind spot of a device are poor. 
Although the target may be located in the device’s field 
of vision, the output of the recognition application may 
not always be of the highest standard because the best 
results can only be achieved when the target is located in 
the device’s optimal position. This is not only a problem 
in directional devices but also omnidirectional devices, 
which also have a usable area that is restricted by a dis-
tance between the device and a target. The amounts and 
quality of information that are achieved by the device 
decline according to increments of the distance. This 
indicates that all devices have an allowable area and that 
the iSpace cannot provide the appropriate service to a 
user when the user moves out of this area.

The necessary conditions for a new IE
To solve this problem, we have focused on the automatic 
rearrangement of devices. The new IE, the reconfigur-
able intelligent space (R+iSpace), can solve the spatial 
constraint problem of DINDs via rearrangement to their 
optimal position. Thus, the R+iSpace can guarantee a 
consistent performance. To rearrange the DINDs, the 
DINDs are mounted on mobile modules (MoMos), which 
to avoid interference with a human movement, take the 
form of wall climbing robots. For example, if the DINDs 
are mounted on general mobile robots, the possibility of 
collision with humans is increased and they will inter-
fere each other. Figure 1 shows a conceptual diagram of 
the R+iSpace and shows that the DINDs are mounted 
on MoMos that can move freely on walls and ceilings. A 
MoMo’s mechanical structure is described in the method 
section.

We identified several necessary conditions for the 
R+iSpace and MoMo as follows.

  • The DINDs in the R+iSpace can automatically rear-
range their position according to the situation.

  • The DINDs should move on the walls and ceilings 
to avoid interference with the movement of human 
users.

  • The adhesion of MoMos to walls and ceilings should 
be stable in various conditions.

  • The estimation or measurement of rearranged posi-
tions should be obtained easily and with high accu-
racy.

  • The system should not require additional energy to 
maintain its current state.

  • The first condition is a necessary condition for solv-
ing the problems with conventional IEs. The other 
conditions are suggested to increase the usefulness 
and feasibility of the new IE in the real world.

Mechanical structures of conventional wall climbing robots
As aforementioned, the DINDs in the R+iSpace should 
be mounted on the MoMos for their automatic rear-
rangement. In addition, the DIND’s rearranging method 
should be satisfied aforementioned necessary conditions. 
A wall climbing robot is a good solution for the satisfac-
tion of first and second conditions. To satisfy the remain-
ing conditions, the mechanical structure of a MoMo is 
very important. There are various adhesion methods for 
conventional wall climbing robots: suction force, sticky 
materials, magnetic force, a mechanical combination, 
etc. Figure 2 shows examples of conventional wall climb-
ing robots that employ the aforementioned adhesion 
methods.

The “Planar Walker” (Fig.  2a) uses a suction force to 
stick to a wall. Many other wall climbing robots also 
employ this method [8–10]. Such robots are fitted with 
a suction cup to stick their body to the wall. Generally, 
these cups include a controllable vacuum motor. Robots 
using suction force can move freely on wall surfaces, and 
heavy devices can be mounted on the robot when the 
suction force is sufficiently strong. However, this mecha-
nism has several drawbacks for our application. Robots 
that employ this mechanism require a continuous energy 

Fig. 1 Conceptual diagram of the R+iSpace. All DINDs are mounted 
on the mobile modules in the R+iSpace, and the mobile modules 
can move on the walls and ceilings. Through the rearrangement of 
the DINDs, their spatial constraint problem can be solved
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supply to maintain the robot’s adhered status. Moreover, 
estimation of a robot’s position is not easy; without addi-
tional sensors, this estimation includes errors, and these 
errors accumulate according to increments in moving 
distance.

The “Sticky Bot” (Fig. 2b) has adhesive pads on its feet 
[11]. The adhesive pads have an anisotropic structure 
that permits controllable adhesion. Therefore, the “Sticky 
Bot” can move freely on the smooth surfaces of walls. 
This mechanism has similar disadvantages to the use of 
suction force: estimation of the robot’s position is not 
easy, and the absorptivity of the adhesive pads is vulner-
able to dust and humidity.

The “Crawler” (Fig. 2c) that was designed for the move-
ment on the oil tank, employs permanent magnets [12]. 
This method is used by various robots in numerous 
forms [13, 14]. These robots do not require a continuous 
energy supply to maintain the robot’s adhered status, and 
the permanent magnets can ensure the robot’s adhered 
status for extended periods. However, this mechanism 
also has the position estimation problem and is therefore 
not suitable for a MoMo.

The “HangBot” (Fig. 2d) and “Acroboter” (Fig. 2e) use 
mechanical equipment to adhere to a wall. The “Hang-
Bot” requires a special wall that has many holes aligned to 
be used in combination with the robot, and the “Acrobo-
ter” requires the installation of numerous ‘anchor points’ 

in a ceiling [15, 16]. Such use of mechanical equipment 
has two merits: a wall climbing robot using this method 
does not require additional energy to maintain its current 
state. The current position of the robot is determined 
by preinstalled positions of mechanical equipment, and 
it allows the current position of the robot to be easily 
obtained without additional sensors. Using this method, 
a MoMo can readily satisfy the necessary conditions.

This paper is constructed as follows. In the methods 
section, the mechanical structures of the R+iSpace and 
MoMos are described. We developed three prototypes 
of MoMo that satisfy the conditions aforementioned. 
In this section, the characteristics and disadvantage of 
the previous prototypes of MoMo are briefly described. 
Then, the main features of the latest prototype of MoMo 
are described in detail: the electrical system, the soft-
ware architecture, the mechanical structure, and adhe-
sion method. As aforementioned, the R+iSpace is an 
expanded iSpace for the iSpace application. Therefore, 
the R+iSpace’s software architecture is almost same as a 
conventional iSpace’s software architecture. In the both 
system, the input DINDs observe the spatial situation, 
and it is conveyed to the other DINDs. Finally, the ser-
vices are provided by the output DINDs. In the R+iSpace, 
there are additional processes between the information 
sharing and the service provision. Based on the shared 
spatial information, the DINDs mounted on the MoMos 

Fig. 2 Representative conventional wall climbing robots. a “Planar Walker” developed by the Nanyang Technological University, b “StickyBot” devel‑
oped by Stanford University, c “Crawler” developed by Dalhousie University, d “HangBot” developed by the University of Tokyo, and e “Acroboter” 
developed by the Budapest University of Technology and Economics
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are decided their appropriate position, and then, they 
are rearranged by the MoMos. For these processes, the 
algorithms of the generating destination of DIND and the 
path planning of MoMo are crucial functions to achieve 
the complete R+iSpace. However, this paper discuss the 
mechanical structure of MoMo and its mobility mainly. 
Therefore, this paper will mention the algorithms briefly. 
In the results and discussion section, two experiments 
on the latest prototype of MoMo are presented. The 
first experiment was performed to verify the mobility of 
the latest prototype of MoMo, and the second was per-
formed to verify the validity of the R+iSpace. As a result, 
the R+iSpace was found to effectively solve the DIND’s 
spatial constraint problem, and the latest prototype of 
MoMo was found to be an excellent solution to realize 
the R+iSpace.

Methods
We developed three prototypes of MoMo, which were 
designed to take the characteristics of conventional wall 
climbing robots into consideration. All MoMos use a 
screw-nut mechanism to satisfy last necessary condition. 
This self-locking screw-nut mechanism is used to fix an 
object to various mechanical structures. The first and the 
second prototypes of MoMo have controllable screw pins 
in their body. The nuts are inserted into the walls and 
ceilings. The modified walls and ceilings used by a MoMo 
are called fields in this paper. The latest prototype of 
MoMo uses a pin lock mechanism instead of screw pins, 
and the field has only holes. The screw and nut are moved 
to the inside of a MoMo. The specifications of the proto-
types of MoMo are shown in Table 1.

Previous prototypes of MoMo
In this section, the mechanical structure and gait 
sequence of the previous prototypes of MoMo are briefly 
described. The first prototype (MoMo1) has four legs, 
and each leg has a controllable screw pin [17]. The nuts 
for use in combination with the screw pins are inserted 
into the field at a uniform distance with external cases. 
MoMo1 and its experimental field are illustrated in Fig. 3. 
The position of MoMo1 is restricted by the position of 

the nuts. Therefore, the position of MoMo1 is simply 
obtained by the precalculated position of nuts and any 
error in the estimated position is not cumulative. More-
over, the estimation is accurate, reliable, and robust. 
MoMo1 moves on the field by sequentially screwing the 
pins into adjacent nuts. The gait sequence of MoMo1 is 
illustrated in Fig. 4. MoMo1 achieves stable movement by 
rotating one leg at a time. However, the time required for 
a movement from one position to the next, a distance of 
150 mm, was approximately 46 s. This speed is not suf-
ficient for use in the R+iSpace. The main reason for the 
low speed is that it spent large amounts of time loosening 
and tightening the screws.

To Increase the speed of the MoMo, the second proto-
type (MoMo2) was designed [18]. MoMo2 and its exper-
imental field are shown in Fig.  5. It comprises two legs 
and a translation component, upon which is mounted the 
DIND. The translation component is moved in a straight 
line between the two legs. This motion is used to reduce 
MoMo2’s moment of inertia during a whole body rotat-
ing motion. Each leg has three screw pins that are rotated 
simultaneously by a pinning actuator. This mechani-
cal structure reduces the number of steps in the gait 
sequence. The arrangement of nuts is adjusted according 
to changes in the mechanical structure. In the new field, 
three nuts compose one station and they are allocated 
in the form of an equilateral triangle. These stations are 
allocated at uniform distance and this is the same dis-
tance as between the two legs of MoMo2. This indicates 
that the two legs are fixed at two adjacent stations. The 
gait sequence of MoMo2, illustrated in Fig. 6, is simpler 
than that of MoMo1. For MoMo1, movement between 
two positions comprised 14 steps. However, for MoMo2 
only four steps are required: loosening of screws, rota-
tion of the body, tightening of screws, and translating the 
DIND. The moving speed is increased in accordance with 
the reduction of steps in the process. As it is shown in 
Table  1, the no-load speed of MoMo2 is more than six 
times faster than that of MoMo1. However, MoMo2 does 
not have an additional sensor for checking the status of 
the screw pins. Therefore, on occasion, a positioning 

Table 1 Specifications of the prototypes of MoMo

MoMo1 MoMo2 MoMo3

Weight (without device) (kg) 1.45 2.55 1.60

Size (mm) 190 × 255 × 110 210 × 381 × 129 200 × 280 × 129

Number of actuators (without actuators for device) 8 Pieces 5 Pieces 4 Pieces

Moving distance for 1 step (mm) 150 196 140

Moving speed (cm/s) 0.33 2.05 2.80
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error causes abrasion of the screw pins during their inser-
tion into the nuts. This abrasion results in incomplete 
insertion into the nut and a gap between MoMo2 and the 
field. This gap occasionally causes a critical positioning 

error between the other leg and its desired station. The 
latest prototype of MoMo is designed to solve the prob-
lems of the previous prototypes.

The latest prototype of MoMo
The electrical system and software architecture of MoMo3
Before explanation of the mechanical structure of the lat-
est prototype (MoMo3), we will briefly explain the elec-
trical system and software architecture of MoMo3. The 
electrical system is illustrated in Fig. 7 and is composed of 
a main processor, a subcontroller, six actuators, and two 
LiPo battery packs. The battery packs are 14.8 V each and 
have a capacity of 2250 mA h. Among the six actuators, 
four are used for the movement of MoMo3 and the other 
two are pan-tilt actuators to control the viewing direction 
of the mounted device. The ODROID-U3 is employed as 
the main processor and is responsible for the higher level 
components in the control of MoMo3 [19]. A detailed 
description of the task of the main processor is given in 
the following paragraphs. The main processor equips a 
USB Wi-Fi dongle and MoMos communicate with each 
other via a Wi-Fi network. Through the Wi-Fi network, 
the MoMos can share the latest information regarding 
the spatial situation. The OpenCM9.04 is employed as a 
subcontroller for the actuators [20]. The OpenCM9.04 is 
connected to the ODROID-U3 via a USB serial line for 
communication. The OpenCM9.04 receives the opera-
tion code for the movement of MoMo3 from the main 
processor and then prepares an instruction packets for 
the actuator’s actual motion. The packets are transmitted 
via a half duplex UART serial line to the actuators.

The software architecture of the main processor is 
shown in Fig. 8. It has several tasks such as device con-
trol, shared memory, generating destination, path plan-
ning, and motion control. The main processor employs 
the RT-Middleware (RTM) for the connection between 

Fig. 3 Mechanical structure of MoMo1 and its field. MoMo1 has four 
legs, each comprising a panning actuator, a pinning actuator, and a 
screw pin. The screw pins are inserted into the nuts that are placed 
into the field

Fig. 4 Gait sequence of MoMo1. MoMo1 can rearrange to its next 
position by the sequential rotation of its legs

Fig. 5 Mechanical structure of MoMo2 and its field. MoMo2 com‑
prises two legs and a translation component. Each leg has three 
screws that are controlled simultaneously. The field for MoMo2 is 
composed of numerous stations, each with three nuts, and these 
interact with the screws on each leg

Fig. 6 Gait sequence of MoMo2. MoMo2’s gait sequence is simpler 
than that of MoMo1 and is composed four steps: loosening the 
screws, rotating the body, tightening the screws, and translating the 
device
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the components [21] and the connection for communica-
tion among MoMos.

The device control component is the application of 
DIND such as face and gesture recognition via a cam-
era and the visual information provision via a projector. 
Through this component, the MoMo obtains informa-
tion on the spatial situation and user’s demands or pro-
vides services such as visual and auditory information 
provision.

The obtained information is transmitted to the shared 
memory, which is composed of the preemptive memory 
and the nonpreemptive memory. In the nonpreemptive 
memory, information on the spatial situation and the 
user’s demands are stored. The nonpreemptive memory 
is accessible by any MoMo at any given time. The MoMos 
obtain the latest information via the shared memory, and 
their current positions and destination are stored in the 
preemptive memory. MoMo3 accesses the preemptive 
memory during path planning. Through the employment 
of the preemptive memory structure, MoMo3 can avoid a 
deadlock situation and collision between MoMos.

The generating destination component provides the 
proper position of MoMo3 according to the current situ-
ation. In this component, the MoMo accesses the non-
preemptive portion of the shared memory to obtain the 
latest information on the spatial situation. This component 
calculates MoMo3’s destination based on the information. 
The basic idea of the generating destination algorithm is 
based on the relative position between a DIND and its tar-
get. The relative position affects the performance of iSpace 
application, and this indicates that the appropriate posi-
tion is decided by the target’s position and direction. The 
algorithm was designed with the characteristic. The algo-
rithm is constructed six layers, and first two layers evaluate 
the suitability of all available locations according to the rel-
ative position. In the third and fourth layers, the algorithm 
calculates the influences of the obstacles in the space. 
Finally, the algorithm calculates the weight value accord-
ing to travel time. The algorithm decides the destination of 
DIND by integration of the results of all layers. When the 
current position is the same as the decided destination, the 
component activates the device control component. In the 
other cases, the MoMo’s destination is transmitted to the 
path planning component.

The path planning algorithm is based on the A*. The 
algorithm is constructed five layers to avoid a deadlock 
situation and collision. In the first layer, the algorithm 
calculates the cost of adjacent locations according to the 
moving time. In the second and third layers, the algo-
rithm evaluates the suitability of adjacent locations based 
on A*. In the other layers, the algorithm calculates costs 
of the repulsive forces that are generated by the other 
DINDs. Through the repulsive forces, the algorithm can 
solve the deadlock situation. The algorithm decides next 
location by integration of the results of all layers. The 
R+iSpace is a distributed system, and this indicates that 
the DINDs can calculate their path at the same time. This 
situation can make a big problem such as a collision. To 
solve this problem, the preemptive memory structure is 
designed. The path planning component occupies the 
preemptive memory when it is started. When the mem-
ory is occupied by another MoMo, a MoMo waits for its 

Fig. 7 Electrical system of MoMo3. MoMo3 has a main processor, 
a subcontroller, six actuators, and two LiPo battery packs. The main 
processor of a MoMo communicates with the other MoMos via a 
Wi‑Fi network. The subcontroller controls six actuators

Fig. 8 Software architecture of MoMo3. MoMo3 has five main 
tasks: device control, generating destination, path planning, shred 
memory, and motion control. Numbers indicates the order in the flow 
of software. In the flow of the software, and are executed when the 
destination is the same as the current position. the latest information 
of the spatial situation, the destination and current position, the desti‑
nation and current position of the other MoMos,   the next position of 
the MoMo, the updated position after motion, the activate flag of the 
device control task, the updated spatial information
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own turn. After the calculation of next location, the path 
planning component updates a MoMo’s next location 
and destination in the shared memory and then releases 
the preemptive memory. The output data of the path 
planning component is a MoMo’s next location, and it is 
transmitted to motion control component.

The motion control component calculates an operation 
code to reach the next location. The operation code is 
composed of two items: the rotation axis and the rotation 
angle. The information of the operation code is transmit-
ted to the subcontroller.

The mechanical structure of MoMo3
In this section, the mechanical structure and kinemat-
ics model of MoMo3 are described. As aforementioned, 
MoMo3 is designed to solve the problems inherent in 
the previous prototypes. To overcome the problem with 
MoMo2, MoMo3 does not use screw pins. The detailed 
mechanical structure is shown in Fig.  9. There are two 
major differences in mechanical structure between MoMo2 
and MoMo3. The first is the existence of the translation 
component. In the gait of MoMo2, the time for a move-
ment to the next position was 11.7 s and the time for the 
translation motion was 6.5 s. The translation component 
is eliminated to increase the moving speed. Through the 
elimination of the translation component, the gait sequence 
of MoMo3 is simplified and can be summarized as follows.

Step 1 Unlock leg #1.
Step 2  Rotate the whole body of MoMo3 using the 

panning actuator of leg #2 until the leg #1 is 
located at desired station.

Step 3 Lock leg #1.

The elimination of the translation component has 
a drawback. As aforementioned, this component is 
designed to reduce the moment of inertia during the 
whole body rotating motion. To solve the problem of the 
increased moment of inertia due to the elimination of the 
translation component, MoMo3 employs a panning actu-
ator with higher torque than that of MoMo2.

The other difference is that MoMo3 employs a pin lock 
mechanism rather than a screw-nut mechanism. The pin 
lock mechanism of MoMo3 will be explained after the 
description of its components and kinematic model. As 
it is illustrated in Fig. 9, MoMo3 comprises two legs and 
a main body; moreover, a leg comprises panning actua-
tor, pinning actuator, pin plate, and leg’s housing. Three 
pins are attached to the pin plate, and a pin comprises 
pin head, thin bar, and locking cylindrical area. Figure 10 
shows the kinematic model of MoMo3. The pin plate is 
moved in direction ←→B  by the pinning actuator, and the 
leg is rotated in direction ←→A  by panning actuator. When 
the leg is unlocked, it can be rotated by its own pan-
ning actuator. When one leg is locked and the other is 
unlocked, the panning actuator rotates the whole body of 
MoMo3. As aforementioned, the pan-tilt actuator con-
trols the DIND’s viewing direction.

The mechanical structure of a station is changed 
according to a change in a MoMo’s mechanical structure. 
The mechanical structure and arrangement of the sta-
tion are illustrated in Fig. 11. The station for MoMo3 has 
a simple structure, made from an aluminum plate with 
three distinctive holes. A hole comprises three parts: an 
entering hole, a locking hole, and a bridging path.

The locking/unlocking of leg is achieved by the com-
bination of the motions of the pinning and panning 

Fig. 9 Mechanical structure of MoMo3. MoMo3 comprises a main 
body and two legs. The device is mounted on the center of main 
body. A leg comprises a panning actuator, a pinning actuator, a leg’s 
housing, and a pin plate. Three pins are attached on the pin plate

Fig. 10 Kinematics scheme. MoMo3 has four DOF for the movement 
and two DOF for changing the DIND’s viewing direction. The panning 
actuator generates the rotating motion of the leg or the body in 
direction A, and the pinning actuator generates the linear translating 
motion of the pin plate in a direction of B



Page 8 of 13Park et al. Robomech J  (2015) 2:14 

actuators and is illustrated in Fig. 12. A description of the 
figure is as follows.

1. The pin plate is pushed by the pinning actuator.
2. The pin plate is rotated by the panning actuator until 

the pins are located in their locking/entering posi-
tions.

3. The pin plate is pulled by the pinning actuator.

Figure  13 shows a cross-sectional view of a leg and 
station when the leg is locked. As it is shown, there is 
a gap between the pin and locking position of station, 
and there is two incline planes in the pin. These allow 
MoMo3 to combine with the field smoothly. However, 
the gap causes a misalignment between the pins and the 

entering holes at the other leg, and this will be increased 
by the existence of an abrasion. This indicates that the 
durability of MoMo3 and the field is important. There-
fore, the essential components of MoMo3 and the field 
are manufactured using the metal materials to increase 
their durability. However, this does not completely guar-
antee against the abrasion of these parts. Therefore, 
MoMo3 requires an additional process to overcome the 
error caused by abrasion.

Oscillation of the leg
Not only the gap but also the backlash in the gear box 
can cause pin misalignment. To overcome this, we 
propose an oscillating motion of the leg while the pin-
ning actuator pushes and pulls the pin plate. Typically, 
it is not a straightforward task to simultaneously insert 
multiple pins into multiple holes without sensors, and 
MoMo3 will be damaged if even one pin is not aligned in 
its correct position. A pin can be aligned within a toler-
ance range by an appropriate oscillating motion. Once a 
pin is sufficiently inserted into its hole, it will not devi-
ate from the hole. Then, the other pins can be located in 
their correct positions and smoothly inserted into their 
holes. Thus, the MoMo can overcome the misalign-
ment. MoMo3 uses two types of oscillation as shown in 
Fig.  14a, and these oscillation functions are defined as 
follows.

(1)F1(t) = Mag1 · sin(2π · Freq1 · t) · D(t)

(2)F2(t) = Mag2 · sin(2π · Freq2 · t) · D(t)

Fig. 11 Mechanical structure and arrangement of the station. The 
station has three distinctive holes, and the hole comprises three 
parts: the entering hole, the locking hole, and the bridging path. 
The distance between adjacent stations is the same as the distance 
between two legs of MoMo3

Fig. 12 Sequence of the locking/unlocking motion of MoMo3. a Unlocked state, b pushing motion by pinning actuator, c rotating motion by pan‑
ning actuator, and d locked state
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Mag1, Mag2, Freq1 and Freq2 were empirically deter-
mined as 0.88◦, 1.77◦, 50 and 100 Hz, respectively. In (1) 
and (2), D(t) is a negative sigmoid function that is added 
to reduce the magnitude of oscillations according to the 
increase of t and is defined as follows.

(3)D(t) =
e−5(t−1)

1+ e−5(t−1)

The graphs of these oscillation functions are shown 
in Fig.  14b. To verify the effectiveness of the oscillat-
ing motion, an experiment was performed on the gait 
sequence of MoMo3. In this experiment, we supposed 
that the MoMo’s panning actuators have a 3◦ error. In 
this situation, the maximum position error between a pin 
and an entering hole is 10.58 mm. As shown in Fig. 15, 
MoMo3 can overcome the misalignment and lock its legs 
even if the gap or gear backlash exist.

Results and discussion
Latest prototype of MoMo experiment
As aforementioned, MoMo should satisfy several con-
ditions. Especially, error in the estimation of position 
should be within a certain range. The accurate of motion 
repeatability is also a critical factor in MoMo’s mobility, 
because the device does not perform an initialization 
after rearrangement. The accuracy of repeatability is pre-
sented as the position error after rearrangement at the 
same location.

We confirmed the error of the estimated position and 
the accuracy of repeatability of MoMo3 in the follow-
ing experiment. MoMo3 moved along the path shown in 
Fig. 16; the distance for one lap is approximately 186.62 
cm. MoMo3 repeats the gait motion 16 times to complete 
one lap and moves along the path seven times. MoMo3 
and its experimental field are shown in Fig. 17a.

This experiment was performed using a motion cap-
ture system. The motion capture system, “Raptor-E” 
by “motion analysis” was used [22]. We used six cam-
eras, which can be operated at up to 500 fps at a full 
resolution of 1280 × 1024 pixels. As shown in Fig. 17b, 
markers for motion capture were mounted on the field 
and on MoMo3. The marker mounted on the center 
of MoMo3 indicates the device’s position. The motion 
capture system records the device’s current position 
during the experiment. The positions are illustrated 
in Fig. 16 as [P1,P2, . . . ,P14], and the device passed the 
positions at least seven times during the experiment. 
Pk
n indicates the kth recorded positional data on the Pn.  

The maximum value of k (Maxk) is 14 when n = 1 or 
n = 2 and in other cases is 7. The average value of Pn is 
denoted as MPn , which is used as a reference position. 
The accuracy of repeatability at Pn (RAn) is calculated 
as follows.

In the above equation, Dist(Pa,Pb) indicates a distance 
between two points Pa and Pb. RAn indicates the average 
distances between the recorded positions and MPn at the 
same location.

(4)RAn =

1

7

Maxk
∑

i=1

(

Dist

(

P
i
n,MPn

))

Fig. 13 Cross‑sectional view of the locked leg and station. The fig‑
ures show cross‑sectional views that are parallel and orthogonal with 
the field respectively. The gap and the incline planes of the pin make 
the pulling and pushing pin motions smooth. The sponge, which is 
adhered to the bottom of the legs of MoMo3, helps the MoMo3 to fix 
to the field stably

Fig. 14 Oscillating motions of MoMo3. a First oscillation is generated 
by the panning actuator of the locked leg and a second oscillation is 
generated by the panning actuator of the unlocked leg. b The magni‑
tude of oscillations is gradually decreased
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The ideal position of a device that takes only the mechan-
ical structure of the field into consideration can be calcu-
lated directly, and the calculated device’s ideal position is 
the estimated position. In this experiment, the estimated 
positions (EPn) are determined as in Table 2. The errors of 
the estimated positions (EEn) are calculated as follows.

EEn is a crucial factor to satisfy the fourth necessary condi-
tion of the R+iSpace, i.e., the error of the estimated posi-
tion should be within a certain range, and it should not be 
accumulated.

The results of the accuracy of repeatability and accuracy 
of estimated position experiments are shown in Table  3. 
The average position error at the same position is 0.21 mm 
and has a maximum of 0.33 mm. This result shows that 
MoMo3 can reach the same position within a maximum 
error distance of 0.33 mm; this is acceptable error in the IE.

(5)EEn =

1

7

7
∑

i=1

(

P
i
n − EPn

)

Fig. 15 Oscillation experiment when misalignment occurs. In the initial state, misalignment with an error distance of 10.58 mm occurred. The 
interval between figures is approximately 0.1 s

Fig. 16 Movement path of MoMo3 in the mobility experiment. 
MoMo3 moves through P1, P2, . . ., P14, P2, and P1, sequentially
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In the R+iSpace, the position of the device is deter-
mined as the estimated position. Therefore, the error 
between the estimated position and actual position 
should be small and within a certain range. As shown 
by the results, the maximum error is approximately 2.2 
mm, which is an acceptable error for the R+iSpace. From 
Fig. 18, the estimated positional error is not accumulated 
with the continued movement.

Experiment to verify effectiveness of the R+iSpace
As aforementioned, the R+iSpace is designed to solve 
the DIND’s spatial constraint problem. Therefore, the 
effectiveness of the R+iSpace is verified when it solves 
this problem. In this experiment, there are three cam-
eras for face detection in the space. A camera is mounted 
on MoMo3, and two cameras are fixed on the field. The 

Fig. 17 MoMo3 and its experimental field. a A WebCAM is mounted on MoMo3, along with a main processor and subcontroller. The size of the 
experimental field is approximately 2 m × 1.8 m. b For the experiment on MoMo3 mobility, several markers were mounted on the field and MoMo3. 
The marker located on the center of MoMo3 informs as to the reference position of the DIND. Ten markers are attached to the field, and the motion 
capture system uses them to construct a coordinate system

Table 2 Estimated device positions on the path (mm)

EP1 MP1 EP8 EP1 + (−60.622, −315,0)

EP2 EP1 + (0, 140, 0) EP9 EP1 + (60.622, −315, 0)

EP3 EP1 + (−60.622, 175, 0) EP10 EP1 + (181.865, −245, 0)

EP4 EP1 + (−181.865, 105, 0) EP11 EP1 + (242.487, −140, 0)

EP5 EP1 + (−242.487, 0, 0) EP12 EP1 + (242.487, 0, 0)

EP6 EP1 + (−242.487, −140, 0) EP13 EP1 + (181.865, 105, 0)

EP7 EP1 + (−181.865, −245, 0) EP14 EP1 + (60.622, 175, 0)

Table 3 Results of  the accuracy of  repeatability and  esti-
mated position error experiments

Repeatability  
accuracy (mm)

Estimated position 
error (mm)

P1 0.262 0.376

P2 0.492 1.607

P3 0.087 0.944

P4 0.148 0.879

P5 0.209 1.442

P6 0.095 1.109

P7 0.144 1.131

P8 0.162 2.217

P9 0.164 0.572

P10 0.136 1.564

P11 0.113 1.060

P12 0.347 1.749

P13 0.132 0.686

P14 0.137 1.848

Average 0.212 1.197

σ 0.130 0.566

Fig. 18 Results of the estimated position error experiment. The 
estimated position error does not have a noticeable relevance to the 
moving count
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cameras that are fixed on the field represent the iSpace, 
and the camera mounted on MoMo3 represents the 
R+iSpace. These cameras capture the user’s face, and the 
captured images are processed by the “OKAO Vision”, a 
face detection program by ‘Omron’ [23].

Figure  19 shows two predetermined situations. In the 
initial state, the user stood as in Situation1 in Fig.  19, 
and then sat on the chair as in Situation2. MoMo3 rear-
ranges the device to the proper location for face detec-
tion according to the target’s position. In this experiment, 
the location of the target was given beforehand and the 
MoMo’s destination and the camera’s viewing direction 
were also calculated beforehand. The captured images 
from the three cameras in each situation are shown in 
Fig.  19a, and the processed results from the face detec-
tion program are illustrated in Fig.  19b. As it is shown 
the results, the face detection via the fixed cameras failed 
when the situation was changed, but the face detection 
via the camera on MoMo3 succeeded because the camera 
was rearranged according to the target’s position. This 
indicates that the DIND’s spatial constraint problem can 
be solved in the R+iSpace.

Conclusion
In this paper, the Reconfigurable Intelligent Space and 
the Mobile Module were proposed. The R+iSpace is 
an improved iSpace that can reconfigure the space by 
the rearrangement of the DINDs. The implementation 
of the R+iSpace is enabled by the MoMos on which 
all DINDs are mounted. In this paper, the mechanical 
structure and disadvantage of previous prototypes were 
described briefly, and then the latest MoMo that can 
solve the disadvantages of the previous prototypes was 
proposed.

To verify the proposed methods, two experiments were 
performed. MoMo’s mobility was confirmed by the first 
experiment, where, the accuracy of repeatability and 
the error of the estimated position are measured and 
analyzed. In the second experiment, we confirmed that 
rearrangement of the DIND yielded an improvement in 
the application’s performance. As a result, the R+iSpace 
could solve the DIND’s spatial constraint problem, and 
MoMo3 is found to be an excellent solution for the 
implementation of the R+iSpace.

As aforementioned, the intelligent functions such as 
path planning of MoMos and generating destination are 
the crucial functions to implement the R+iSpace. In this 
paper, we described briefly about the algorithms of the 
functions. In future studies, we will address the intelli-
gent functions in detail.
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