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Abstract 

The need for a perching robot is increasing in the field of rescue and transportation. Accordingly studies on perching 
an object by attaching a robot arm to a perching robot have been conducted. However, almost all the studies related 
to perching have been conducted using an actuated or electric device. However, perching by using an electric device 
has several disadvantages, such as additional power consumption and an increase in the mass of the multicopter 
used to load the electric source. Instead of using an electric device, perching by using an underactuated gripper can 
effectively avoid these disadvantages. Accordingly, we developed an underactuated passive gripper that has the 
advantage of nonconsumption of electric power for perching. A method to confirm the available range for stable 
perching is one of the problems of using an underactuated passive gripper. Therefore, in this study, we analyze a 
multicopter carrying an underactuated parallel-link passive gripper for available plane perching. To enable perching 
on planes with different thicknesses and being embedded at different depths, we summarize the available perching 
range and limitations based on the friction cone theory. Our conclusion is supported by both theoretical and experi-
mental results.
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Introduction
Recently, there has been an increase in the use of mul-
ticopters for rescue and transportation [1], and environ-
mental monitoring [2, 3], and for express home delivery, 
whereby a robot arm is attached to the multicopter [4]. 
Express delivery using a multicopter, in response to peo-
ple’s consumption requirements, has several advantages. 
Therefore, studies need to be conducted on multicop-
ters equipped with a mechanism for catching, and more 
importantly, perching.

The word perching was originally used to describe bird 
landing behavior. Extended to multicopter behavior, the 
term indicates a process in which the multicopter flies to 
land or sit on targets, such as pipes, sticks, or branches. 
However, the multicopter requires a certain mechanical 
device to execute the maneuver for perching on targets. 

The design of the device depends on the shape and prop-
erties of the target. For example, for the multicopter to 
perch on a branch or cylindrical target, the gripper must 
be designed with birdlike talons; to perch on horizontal 
and vertical platforms, the gripper must be designed so 
that it can grasp the target firmly, without sliding down. 
In general, studies on perching can be divided into two 
categories: those on the control of perching and those 
on the mechanical structure of perching. In a previ-
ous study on perching control, researchers from New 
Mexico State University and Shanghai University devel-
oped bio-inspired trajectory generation for unmanned 
aerial vehicle (UAV) perching based on the tau theory 
[5, 6]. A number of other researchers have focused on 
the mechanical structures of perching. These mechani-
cal structures include grippers [7, 8], robot hands [9, 10], 
landing legs [11, 12], and other advanced mechanisms for 
grasping and perching. For example, researchers at the 
University of Twente and Aalborg University developed a 
mechanism that facilitates the reliable perching of UAVs 
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on smooth vertical surfaces using a lightweight passive 
vacuum-cup technology and the absorption of aerial 
impacts [13].

However, the aforementioned mechanical structures 
for perching are actuated because they carry power sup-
ply devices. This increases the mass of the entire aerial 
system, which may result in an overload of the multicop-
ter when flying or perching. Thus, studies on perching via 
passive mechanisms have been conducted to solve this 
problem. Researchers at the University of Utah devel-
oped an avian-inspired passive mechanism for quadro-
tor perching [14, 15]. In this study, the proposed passive 
mechanism is capable of perching on a pipe-like object. 
Although this avian-inspired device can perch on a 
cylindrical object, it is composed of numerous complex 
mechanical structures. For the purpose of delivery or 
security monitoring, the target of perching often involves 
a man-made object, such as a planar structure, which 
only needs a simpler mechanism. Therefore, to achieve 
this purpose, we proposed an underactuated device with 
a simpler mechanical structure, which is shown in Fig. 1.

We successfully developed this underactuated parallel-
link gripper in an earlier study [16]; however, there was 
an insufficient discussion on perching. For example, to 
simplify the calculation, we assumed that the contact 
point of the upper side of the gripper was at the inner-
most position. However, in the real world, we must con-
sider cases where the contact point of the gripper is at an 
arbitrary position, which is one of the focus areas of this 
study.

The remainder of the paper is organized as follows: 
the perching motion of the gripper device is described 

in "Perching motion of the gripper device" Section. The 
theoretical basis for the existing perching judgment is 
described in "Available condition for stably perching" 
Section, and subsequently, a static model for analysis is 
established. "Perching state judgment" Section focuses 
on the perching state judgment using the friction cone 
theory. "Parallel-link passive gripper prototype and 
mechanism integration" Section provides an overview of 
the perching device and mechanism integration. "Experi-
ment" Section describes the experiment and a compari-
son of the theoretical and experimental results. Finally, 
"Conclusion" Section concludes this paper and presents a 
description of our future work.

Perching motion of the gripper device
A perching system can be divided into four parts, as 
shown in Fig. 2a. Link 1 is the assembling bar that con-
nects the body of the multicopter and other parts of the 
gripper. Link 2, which is in the middle, is called the con-
necting bar, and its function is to connect the gripper and 
the assembling bar. Link 3 is the gripper, which has the 
function of grasping the upper side of the table. Link 4 
is called the underside link bar, and it contacts the table 
and provides the grasping force for perching. Links 1–4 
are composed of parallel devices, and as shown in Fig. 2a, 
the distance between each joint was assumed to be l1 , l2 , 
l3 , and l4 . Then, we can obtain the relationships l1=l3 and 
l2 = l4.

Figure  2a–c describe the process of the perching 
motion, which consists of three stages. The first stage, 
shown in Fig. 2a, involves the approach of the multicop-
ter. In this stage, the multicopter is set to land on the tar-
get and maintain a horizontal posture to perch on the 
target smoothly. Then, in the second stage of perching, 
the underside of Link 3 contacts the upper side of the 
target surface, as shown in Fig.  2b. Simultaneously, the 
motors of the multicopter stop running, the entire device 
declines because of its own gravity, and the front side of 
Link 4 rises until it touches the underside of the target. In 
the entire process, the body of the multicopter is main-
tained in a horizontal state, parallel to the target surface, 
so that the entire device is not tilted and maintains its 
balance (Fig. 2c).

Available condition for stably perching
In a previous study [16], we performed a preliminary analy-
sis on a specific situation. In this case, the object on which 
the multicopter was to be perched was a table with a con-
stant thickness. In addition, for the analysis and calculation, 
we assumed that the contact point P6 was at the innermost 
part of the gripper shown in Fig. 3. This could be consid-
ered a very special case. However, the generalizability of 
the model needs to be extended by varying the condition 

Fig. 1  Multicopter with simple underactuated device can perch on 
veranda easily for delivery, security monitoring, etc.
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for practical applications. Thus, the main objective of this 
study is the analysis of perching success on a plane of vary-
ing thickness, embedded at an arbitrary depth (arbitrary 
contact point P6).

Anatomy of the static model
As depicted in Fig.  3, the static model is established 
in 2 dimensions, and the entire device consists of four 
parts and six positions. Here, we assume that the grip-
per comes in contact with the target at points 5 and 6, 
which are indicated by P5 and P6 , respectively, as shown 
in Fig. 3. Based on this assumption, a component analysis 
can be performed for the entire device. We assume that 
Pi(i = 1, 2, ..., 6) and F i(i = 1, 2, ..., 6) are the position and 
force vectors, respectively.

We define F i = [Fix, Fiy]
T , Pi = [Pix,Piy]

T , and 
S(Pi) = [−Piy,Pix] . Subsequently, the torque τi can be 
defined as follows:

Furthermore, we define FLi(i = 1, 2, 3, 4) as the gravita-
tional force of Link i, and PLi(i = 1, 2, 3, 4) as the position 
of the gravitational force of Link i. Similar to Equation 
(1), the torque τLi can be defined as

As mentioned earlier, the entire device can be divided 
into four parts. It is important to note that six forces are 
active during perching. F1–F4 denote the forces at the 
joints and F5–F6 denote the forces at the contact points. 
Each part of the device during the perching process is 
analyzed individually.

(1)τi = Pixfiy − Piyfix =
[

−Piy,Pix
]

[

fix
fiy

]

= S(Pi)F i.

(2)τLi = S(PLi)FLi .

(3)F 1 + F2 + FL1 = 0

Target

Target

Multicopter 
body

Link 3

Link 4

Link 2

Target

Link1

l1
l3

l2

l4
(a).

Multicopter 
body

Multicopter 
body

The first stage of perching

(b). The second stage of perching

(c). The final stage of perching

Fig. 2  Perching process of the underactuated parallel-link passive 
gripper

= (   )00
Fig. 3  Static model of the gripper device
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Here, we can combine Equations (1)–(10) into the for-
mula Ax = b , where A ∈ R12×12 , x ∈ R12 , and b ∈ R12 . 
The identity matrices are defined as  I, and zero matrices 
and zero vectors are defined as 0. Specifically,

Therefore, the force x can be obtained using the following 
equation:

Classification discussion of target thickness
As shown in Fig.  4a, we assume the ordinate distance 
between the lower surface of the gripper and P3 as a and 
that between the upper surface of the gripper and P4 as 
b. Then, when the lower surface of Link 3 and the upper 
surface of Link 4 are parallel, we assume that the target 
thickness L is L0 , which can be obtained as follows:

As evident from Fig.  4b, c, in the cases of L ≤ L0 
and L > L0 , the representations of the position vec-
tor P5 are different. Thus, both situations need to be 

(4)τ1 + τ2 + τL1 = 0

(5)− F1 + F3 + FL2 = 0

(6)− τ1 + τ3 + τL2 = 0

(7)− F3 + F4 + F6 + FL3 = 0

(8)− τ3 + τ4 + τ6 + τL3 = 0

(9)− F2 − F4 + F5 + FL4 = 0

(10)− τ2 − τ4 + τ5 + τL4 = 0

(11)

A =























I I 0 0 0 0

S(P1) S(P2) 0 0 0 0

−I 0 I 0 0 0

−S(P1) 0 S(P3) 0 0 0

0 0 −I I 0 I

0 0 −S(P3) S(P4) 0 S(P6)

0 −I 0 −I I 0

0 −S(P2) 0 −S(P4) S(P5) 0























,

(12)x =
[

F
T
1 ,F

T
2 ,F

T
3 ,F

T
4 ,F

T
5 ,F

T
6

]T

(13)
b =−

[

FL1
T , τL1 ,FL2

T , τL2 ,FL3
T , τL3 ,FL4

T , τL4

]T
,

(14)x = A
−1

b.

(15)L0 = l1 − a− b.

classified separately. Specifically, during the analysis 
of the perching state, we assume that the gripper of 
Link 3 maintains a fixed position, and we set P4 as the 
origin. Then, we can obtain the vector coordinates as 
follows:

(16)P3 =

[

P3x
P3y

]

=

[

0

l1

]

,

a

1

b

L0

(a)

Lever

L

= (   )00
(b)

L

= (   )00

c

(c)
Fig. 4  a: Definition of L0 ; b, c: situation analysis of L ≤ L0 and L > L0
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The position vector P5 is at the farthest end of Link 4. As 
shown in Fig. 4b, c, φ5 is the angle between the lever and 
the line P4P5 , which can be expressed as a two-variable 
formula:

Then, as shown in Fig.  4b, c, we assume that φ0 is the 
angle between the line P2P4 and the line P4P5 , which can 
be obtained as follows:

We assume that φ4 is the angle between the lever and the 
central axis of Link 4, which can be obtained as follows:

Thus, the position vectors of P1 and P2 can be obtained 
as follows:

(a) When thickness L ≤ L0

A situation analysis of the target thickness L ≤ L0 is 
shown in Fig. 4b. In the range of 0 < L ≤ L0 , an increase 
in the thickness L will change each position vector. We 
define the distance between P4 and P5 as ls . Then, P5 can 
be obtained as follows:

(17)P4 =

[

P4x
P4y

]

=

[

0

0

]

.

(18)φ5 = A tan 2(P5y ,P5x ).

(19)φ0 = sin
−1





b
�

(P4x − P5x)2 + (P4y − P5y)2



.

(20)φ4 = (φ5 + φ0)− 180
◦
.

(21)P2 =

[

P2x
P2y

]

=

[

l4 cosφ4
l4 sin φ4

]

,

(22)P1 =

[

P1x
P1y

]

=

[

P2x
P2y

]

+

[

0

l1

]

.

(23)P5 =

[

P5x
P5y

]

=

[

−ls cosφ5
l1 − a− L

]

.

(b) When thickness L > L0

As shown in Fig. 4c, in the cases where L > L0 the contact 
point P5 is no longer the leftmost point; thus, not only the 
thickness L but also the embedded depth x will influence 
the coordinates of the other position vectors. Here, we 
assume that c is the horizontal distance between P3 and the 
tip of the upper side of Link 3. The coordinates of the posi-
tion vector P5 can be obtained as follows:

Determination of the center of gravity of each link
The center of gravity (COG) of each link is shown in Fig. 5. 
As shown in Fig. 5a, Link 1 is based on P2 ; it is offset by two 
parameters, namely, s and t, in the horizontal and vertical 
directions, respectively. Thus, the COG of Link 1 can be 
obtained as follows:

Figure 5b shows that Link 2 rotates based on P3 ; conse-
quently, it can be deduced that its COG is in the middle 
of the line P1P3 , and the distance between the COG and 
P3 is assumed to be lo2 . Then, the COG of Link 2 can be 
obtained as follows:

Figure 5c shows that Link 3 is based on P3 and is offset by 
two parameters, namely, m and n, in the horizontal and 
vertical directions, respectively. Thus, its COG can be 
obtained as follows:

(24)P5 =

[

P5x
P5y

]

=

[

x − c
l1 − a− L

]

.

(25)PL1 =

[

PL1x
PL1y

]

=

[

P2x + s
P2y + t

]

.

(26)PL2 =

[

PL2x
PL2y

]

=

[

P3x + lo2 cosφ4
P3y + lo2 sin φ4

]

.

(27)PL3 =

[

PL3x
PL3y

]

=

[

P3x +m
P3y + n

]

.

(a) COG of Link1

s

t

(d) COG of Link4

= (   )00

4

(b) COG of Link2

2

(c) COG of Link3

m

n

Fig. 5  Schematic of the center of gravity (COG) of Link 1, Link 2, Link 3, and Link 4
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As evident from Fig.  5d, similar to Link 2, Link 4 is 
rotated based on P4 and the COG is considered to be on 
the central axis of Link 4. We assume that the distance 
between the COG of Link 4 and P4 is lo4 ; the COG of 
Link 4 can be obtained as follows:

Specifically, the COG of the entire device is calculated by 
obtaining the COG of each part as follows:

Classification discussion of the location of the COG
In the previous subsection, we discussed the effect of the 
target factor on the perching state. Here, we will discuss the 
impact of the location of the COG on the perching situa-
tion. As shown in Fig. 6, when the COG of the entire device 
changes, the location of P6 is changed. Thus, when analyz-
ing the impact of the COG, the difference in the horizon-
tal position is an important factor, and the position where 
the arm is implemented depends on the parameter s. Here, 
s is the most significant of all the parameters. Therefore, 
we assume that s is a variable, whereas t is constant. Con-
sequently, the change in s would change the COG of the 
entire device Pallx.

(a) COG is to the right of the rightmost border
As shown in Fig. 6a, with the change in the variable s, the 
COG of the entire device is to the right of the rightmost 
border. We assume that the contact point of the target and 

(28)PL4 =

[

Pl4x
Pl4y

]

=

[

P4x + lo4 cosφ4
P4y + lo4 sin φ4

]

.

(29)Pall =

�

Pallx
Pally

�

=







�4
i=1 miPLix
�4

i=1 mi
�4

i=1 miPLiy
�4

i=1 mi






.

the lower surface of Link 3 is located at the edge of the tar-
get. Therefore, in this case, the vector P6 can be obtained as 
follows:

(b) COG is between the two sides of the border
As shown in Fig. 6b, when the COG of the entire device is 
between both sides of the border, we assume that P6 has 
the same horizontal coordinate with the contact point of 
the target and the lower surface of Link 3. Therefore, in this 
case, the vector P6 can be obtained as follows:

(c) COG is to the left of the leftmost border
As shown in Fig. 6c, when the COG of the entire device is 
to the left of the leftmost border, we assume that the con-
tact point of the target and the lower surface of Link 3 is at 
the edge of the gripper. Therefore, in this case, the vector 
P6 can be obtained as follows:

Categorizing and integrating various situations
In the previous section, we separately analyzed the differ-
ent factors that influence perching. However, several of 
these factors can occur simultaneously in practice. Thus, 
we need to classify and integrate various situations as 
shown in Fig. 7.

(30)P6 =

[

P6x
P6y

]

=

[

x − c
l1 − a

]

.

(31)P6 =

[

P6x
P6y

]

=

[

Pallx
l1 − a

]

.

(32)P6 =

[

P6x
P6y

]

=

[

−c
l1 − a

]

.

(a). COG is to the right of the 
rightmost border

allx

c

Leftmost Border

（ LB）

Rightmost Border

       (RB)

x
allx

~ ~~~~~~

(LB) (RB)

L

allx

(LB) (RB)

(b). COG is between the 
two side of the border

(c). COG is to the left of the 
leftmost border

Fig. 6  Factor of the position of the COG
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(Case 1) L ≤ L0 , and the COG is to the right of the 
rightmost border.
(Case 2) L > L0 , and the COG is to the right of the 
rightmost border.
(Case 3) L ≤ L0 , and the COG is between the two 
sides of the border.
(Case 4) L > L0 , and the COG is between the two 
sides of the border.
(Case 5) L ≤ L0 , and the COG is to the left of the left-
most border.
(Case 6) L > L0 , and the COG is to the left of the left-
most border.

All the situations are analyzed and the properties of the 
components of the device are established. Subsequently, 
the forces required for perching in a certain condition 
can be determined using Equation (14). Based on these 
forces, the perching state can be assessed.

Perching state judgment
In "Available condition for stably perching" Section, 
we analyzed each situation related to perching. In this 
section, the process of judging the perching state is 

described. We conclude that there is an optimal range for 
available perching in different situations.

The friction cone theory
In this subsection, we first introduce the concept of the 
friction cone theory. As shown in Fig.  8a, the gripper 
finger contacts the target table at Point P, the starting 
point of the force. Then, we decompose the force in the 
horizontal and vertical directions. We assume that the 
horizontal component is F and the vertical component is 
the normal vector N. We assume that the friction coeffi-
cient is µs ; thus, the maximum static friction force can be 
µsN  or −µsN  . When F is equal to µsN  , we assume that 
the end point of the force is Point Q. When F is equal to 
−µsN  , we consider the end point of the force as Point R. 
Then we obtain two lines, i.e., PQ and PR. Here, the angle 
between the normal vector and PQ can be obtained as 
tan−1 µs . The angle between the normal vector and PR is 
tan−1(−µs) . We define the area inside the lines PQ and 
PR as the ”friction cone.”

However, if the end point of the force (Point R or Q) 
is inside the friction cone, the value of F will be lower 

= (   )00
(a) Case1

allx

Rightmost 
Border

L c

Leftmost 
Border

= (   )00

allx

Rightmost 
Border

c

Leftmost 
Border

L

(b) Case2

= (   )00

Rightmost 
Border

c

Leftmost 
Border

allx

~~~

L

(c) Case3

= (   )00

Rightmost 
BorderLeftmost 

Border

allx

~~~

cL

(d) Case4

= (   )00

Rightmost 
Border

c

Leftmost 
Border

allx

L

(e) Case5

= (   )00

Rightmost 
Border

Leftmost 
Border

allx

c

L
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Fig. 7  Categorizing and integrating various situations
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than the maximum static friction force. Otherwise, the 
value of F will be higher than the maximum static fric-
tion force. Therefore, if we describe the force, starting 
from P as a vector, and if the end point of the vector is 
inside the friction cone, the gripper finger will be able to 
grasp the target. However, if the end point of the vector is 
outside the friction cone, the gripper finger will be una-
ble to grasp the target and the perching state cannot be 
maintained.

Judgment based on the friction cone theory
As shown in Fig. 8b, if there is an external force Fn and 
it forms an angle θn with the normal vector N, the nec-
essary condition to achieve grasping is that θn is smaller 
than tan−1(−µs).

Specifically, in our study, we assumed that the angle 
between the grasping force and the normal vector, which 
starts at P5 , was θ5 and that the half apex angle of the fric-
tion cone was θµ5 . Similarly, we assumed that the angle 
between the grasping force and the normal vector, which 
starts at P6 , was θ6 and that the half apex angle of the fric-
tion cone here was θµ6 . According to the friction cone 
theory, if the conditions of the angle θ5 ≤ θµ5 and θ6 ≤ θµ6 
are satisfied, the perching state can be achieved.

The friction cone angles θµ5 and θµ6 can be determined 
through experiments. For angles θ5 and θ6 , we have

Here, n is the normal vector and �n� = 1.
Therefore, we can deduce the following:

Thus, we can determine whether perching space is avail-
able by comparing the relationship between θ5 and θµ5 , 
and θ6 and θµ6 . The simulation result is derived using the 
parameters in Table 1. For different s values with an arbi-
trary target thickness L and embedded depth x, the range 
of the available perching space is summarized as shown 
in Fig. 9. In this figure, it is difficult to show all cases of 
s with different values. Therefore, we list the cases of s in 
the range of − 60 to − 220 mm, in intervals of 20 mm. In 
Fig. 9, the pattern of Case 5, which is shown in Fig. 7 does 
not appear, because, when L ≤ L0 , the position of the 
COG is always on the right side of the leftmost border. 
Therefore, Case 5 is considered to be non-existent and 
does not appear in Fig. 9.

Parallel‑link passive gripper prototype 
and mechanism integration
In this section, the prototype is described, particularly 
emphasizing the mechanism and structure of each part of 
the proposed perching device. The following is a descrip-
tion of the centering device mass, including the mecha-
nism integration of the parts and structure.

A prototype of the proposed perching device is shown 
in Fig. 10. The entire device comprises two parts: a mul-
ticopter body and a perching gripper. For the multicopter 
body, we chose the DJI FlameWheel 550 type as the car-
rier of our perching device. This type of multicopter has a 
diagonal wheelbase of approximately 550 mm. It is a multi-
rotor UAV that can achieve hovering, cruising, rolling, and 
other flight elements. Thus, we could perform the perch-
ing experiment using this type of multicopter. The frame 
weighed 478 g; the takeoff weight was approximately 
1200–2400 g, which we subsequently utilized in calculat-
ing the COG of the entire device. A 3S LiPo battery was 
used as the power source for the multicopter when hover-
ing. Based on previous experimental findings, the hovering 
time for the DJI FlameWheel 550 with a full 3S LiPo bat-
tery can be maintained for approximately 10–12 min.

(33)F5 · n = �F 5� �n� cos θ5,

(34)F6 · n = �F 6� �n� cos θ6.

(35)θ5 = cos
−1

(

F5 · n

�F5� �n�

)

,

(36)θ6 = cos
−1

(

F 6 · n

�F 6� �n�

)

.

Plane

tan
-1μs

μsN-μsN

Plane

n

θn

(a). Concept of the friction cone

(b). Judgment by friction cone theory

Fig. 8  Concept of friction cone
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Table  1 lists the properties of the components of the 
entire system. Among all the situations shown in Fig.  9, 
the situation of ”s = − 160 mm” contains the most cases. 
Therefore, we regard ” s = − 160 mm” as the most suita-
ble situation for conducting the experiment. Based on the 
analysis of the perching state as s = − 160 mm, as stated 
in the previous section, we can compare the theoretical 
and experimental results. The experiment on the determi-
nation of possible perching is described in the following 
section.

Experiment
In this section, we describe an experiment on perching. In 
the experiment, we evaluated the possibility of perching 
when the gripper device was aimed at the target planes 
with varying thicknesses. According to the experiment, 
the actual plane perching conditions were implemented, 
and the comparison of the experimental and theoretical 
results is presented in this section.

In the experiment, we selected boards with thicknesses 
ranging from 5 to 70 mm, and we measured the friction 
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Fig. 9  Theoretical value conclusion when the value of s changes
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coefficient between the board and the gripper. Then, we 
obtained the values of θµ5 and θµ6 as 45◦ and 40◦ respec-
tively. Before the experiment, we attached a spirit level to 
the multicopter body for judging the horizontal attitude 
of the multicopter. As shown in Fig. 11a, the spirit level 
has a bubble inside, and a circular scale is at the center of 

its upper surface. The position of the bubble is changed 
by gradually adjusting the tilt angle, and, as shown in 
Fig.  11b, if the tilt angle is > 2.3◦ (or < −2.3◦ for the 
opposite direction), the bubble in the spirit level will be 
outside the center circle scale, and this situation is con-
sidered as the multicopter cannot maintain its horizontal 
state. Therefore, for situations in which the bubble can 
be inside the center circle scale, the horizontal attitude 
of the multicopter can be determined. When conduct-
ing the experiment, we measured the embedded depth 
x in millimeters to obtain the minimum and maximum 
limitations. The measurement was conducted from the 
smaller values. First, the device could not perch success-
fully and tilt. Subsequently, we increased x in intervals of 
1 mm. When the entire device could perch successfully 
and maintain its horizontal posture, we recorded this 
value of x and performed the subsequent measurement. 
The results are summarized in Table 2. Table 2 shows the 
correspondence between different cases with different 
plane thicknesses and different embedded depths in the 
perching experiment. From a comparison of the theoreti-
cal and experimental values shown in Fig. 12, the shad-
owed area (50% transparency) indicates the experimental 
result. The common areas of the theoretical and experi-
mental results account for a considerable proportion. The 
comparison in Fig. 12 demonstrates the accuracy of the 
analysis performed in the previous sections.

Fig. 10  Multicopter carrying the proposed device successful perches on several objects: (a) handrail, (b) chair, (c) desk, (d) ladder, and (e) a book 
held by a person. (f) is the prototype of the proposed device

Table 1  Properties of components of the entire system

Mass mL1 1.738 kg

mL2 0.022 kg

mL3 0.025 kg

mL4 0.025 kg

Length l1 50 mm

l2 120 mm

ls 61.2 mm

lo2 60 mm

lo4 21 mm

a 7.5 mm

b 10.8 mm

c 100 mm

s − 160 mm

t 96 mm

Static position vector P3 (0,50)T

P4 (0,0)T

PL3 (-2,49)T
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Conclusion
In this study, a multicopter carrying with a parallel-link 
passive gripper for available plane perching was analyzed. 
The judgment basis and principles were also described. 
The ideal condition for effective multicopter plane perch-
ing was demonstrated by comparing the theoretical and 
experimental results. The results indicate that there is 
an optimal range for possible perching for targets with 
varying plane thicknesses and embedded depths. How-
ever, some weaknesses and improvements also need to 
be considered. For example, so far, we have been unable 
to determine the restriction and optimal length for our 
gripper. Therefore, we intend to investigate this aspect in 
the future (Additional file 1).

Although the current study focused on perching on a 
plane-like target, non-horizontal targets, such as slopes 
or pipe-like objects, should also be considered as the 
target for perching. This will increase the possibility of 
perching in a complex environment.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40648-​022-​00217-9

Additional file 1. The process of multicopter carrying with proposed grip-
per takeoff and perching.

Table 2  Experimental results

L (mm) Min. x (mm) Max. x (mm)

5 50 70

10 48 70

15 45 70

20 46 70

25 43 70

30 41 70

35 48 70

40 38 70

45 38 70

50 37 70

55 40 70

60 42 70

65 47 70

70 56 70

The bubble is inside 

the center circle of spirit level

(Tilt angle is 0°)

The bubble is outside 

the center circle of spirit level

when tilt angle is >2.3°

 (or < -2.3°for the opposite direction)

(a). Horizontal state 

(b). Non horizontal state

Fig. 11  A spirit level is utilized to judge the horizontal attitude of the 
multicopter during our experiment
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Fig. 12  Comparison of the theoretical and experimental values
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