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This paper presents the design, modeling, and analysis of the force behavior acting on a

wheel-legs (whegs) type robot which utilizes bilayer dry adhesives for wall-climbing. The
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motion of the robot is modeled as a slider-crank mechanism to obtain the dynamic
parameters of the robot during movement. The required forces and moment to maintain
equilibrium as the robot is in motion is then extensively analyzed and discussed. Follow-
ing the analysis, fundamental measures to attain an operative climbing robot, such as
adhesive requirement and torque specification, are then identified. The outcomes of the

analysis are verified through experiments and working prototypes that are in good agree-
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1 Introduction

The use of robots for autonomous intelligent surveillance and
reconnaissance is gaining prominence. Typical tasks include map-
ping, monitoring, detection, tracking, and search and rescue
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operations, with each requiring robots of a certain set of capabil-
ities. Typically, these are achieved through the use of unmanned
aerial vehicles (UAVs) or unmanned ground vehicles (UGVs),
depending on the type of terrains and mission requirements.
However, these robots are typically bulky to be used as solider
systems, which make the use of a collaborative swarm of minia-
ture robots to achieve these tasks attractive [1].

Compared to UAVs, UGVs have the advantage of
accurately locating ground targets [2]. Various developments of
miniature UGVs for autonomous intelligent surveillance and
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reconnaissance, each with its unique capabilities, can be found in
the literature, for example spherical robot Virgo [3], piezoelectric
robot Pisces [4], jumping robot Scout [5], tracked robot MTRR
[6], and climbing robot City-climber [7]. Among these, robots that
are capable of scaling vertical surfaces exhibit many benefits,
such as a highly expanded workspace and the ability to reach or
accomplish otherwise impossible spots or tasks. In addition,
being small offers capability to navigate into tight narrow spaces,
something which even UAVs find difficult due to the precision
involved.

Several means can be utilized to realize climbing robots, such
as through magnetic attachment [8], vacuum suction [7],
gripping capability [9], and electro-adhesive technology [10].
Each approach has its own strengths and weaknesses. Magnets are
strong but only work on ferrous surfaces. Suction requires bulky
compressed air and completely smooth surfaces in order to estab-
lish an ideal seal. On the other hand, gripping does not work on
smooth surfaces and requires looking for randomly located hand-
holds. Electro-adhesion requires high voltage in the order of kV.
Recently, climbing robots utilizing dry adhesives have been pro-
posed to overcome those drawbacks [11-15]. For a comprehen-
sive review, refer to Ref. [16]. Dry adhesion is inspired by
gecko’s unique ability and agility in climbing diverse surfaces.
Using dry adhesion, robots are able to climb irrespective of the
surface material and properties or air pressure availability. Dry
adhesives are also lightweight, power efficient, and operationally
quiet. In this paper, we utilize bilayer dry adhesives for our climb-
ing robot.

In terms of locomotion mechanism, our climbing robot has a
similar structure as Mini-Whegs [17] and Waalbot [18]. It has
been observed from Nature that the mechanism for attachment to
surfaces in climbing animals is completely different from the one
associated with detachment [19]. The general principle is found to
be entire-surface attachment and peeling-like detachment such
that strong adhesion can be instantaneously generated while mini-
mal effort is required during contact release. For miniature robot
systems, designing bulky mechanisms to fulfill this locomotion
principle is undesirable. A more effective approach is to employ
wheel-leg configuration with compliant adhesives to produce the
required motion [20].

Despite Mini-Whegs’ outstanding performance in climbing
surfaces, little in-depth study can be found in the literature which
theoretically models and analyzes the design requirements and
capabilities of this type of robot. This paper adapts the approach
introduced in Ref. [21] to: (i) analyze our miniature climbing
robot (Orion), (ii) generate its design criteria, and (iii) predict its
performance. Building up from the literature, this paper expands
the approach to incorporate the modeling of the movement of the
robot for a more comprehensive force analysis during the motion
of the robot. This paper also provides further insight into several
aspects that were previously absent such as the significance of the
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tail effect on the overall robot’s equilibrium, motor torque require-
ment, as well as design criteria verification.

2 The Climbing Robot: Orion

Shown in Fig. 1, the architecture of our power-autonomous
miniature climbing robot, Orion, consists of a robot chassis (tail)
carrying the electronics and two DC motors each driving a wheel-
leg (wheg) with four “flaps” equipped with bilayer dry adhesives.
There is a 4:1 gear reduction between the motor and the whegs.
The mass of the physical robot prototype is 71.5 g.

2.1 The Bilayer Dry Adhesive. The bilayer synthetic gecko-
inspired adhesive used here comprises of a layer of micropillar
adhesive surface (polydimethylsiloxane (PDMS)) and an unstruc-
tured backing layer of polymer (3 M very high bond (VHB) tape)
of different elastic behavior. A gradient in the viscoelastic prop-
erty is thus created in the bilayer adhesive with one layer being
more elastic and the other being more dissipative [22]. A series of
studies has shown that a bilayer adhesive with backing layer of
linearly stiff carbon fiber in soft elastomeric adhesives imparts
equal load sharing and also reduces the deformation of the soft
elastomer layer [23-26]. In our case, we use a viscoelastic tape as
backing layer of a lower modulus than the elastomeric adhesive
due to the high energy absorption characteristic of the tape. The
viscoelastic foam core of the 3M VHB tape absorbs the tensile
stress, spreads the stress throughout the entire bond, and possesses
high internal cohesive strength [27]. It was also observed from
various reports in the literature that the addition of a foam backing
layer enhances the adhesive force of PDMS [28,29].

The elastomeric dry adhesive footpad was fabricated from elas-
tomer PDMS, Sylgard184 (Dow Corning, Midland, MI). PDMS is
a silicone-based elastomeric polymer which is thermally cured
through a crosslinking reaction. The micropillars footpads were
fabricated by soft lithography technique which can duplicate
structures by replica molding from a SU-8 master mold (hole
mold). The PDMS monomer and the cross linker in the ratio of
10.5:1 were mixed and degassed in a centrifugal mixer (Thinky
Mixer), poured into micropatterned SU-8 mold to the desired
thickness, and cured at 80 °C for 1.5h in a carefully leveled oven.
The PDMS is demolded from the master mold after curing. The
resulting structures were pillars with 2 um diameter, 2 um height,
and 6 um center-to-center spacing in a hexagonal distribution
(Fig. 2). The patterns were distributed as a square of area 1cm?,
and each square patch has a distance of approximately 1cm”
between each other. Hence, an adhesive flap of 10 cm? has 5 cm?
area with these patterns and the rest of the area is unpatterned.
This adhesive was then attached to the 3M Scotch VHB tape
4607, forming a PDMS/tape composite bilayer adhesive, which is
being used in the climbing robot.

Bilayer Dry Adhesive

/

Wheel-Leg

Photograph of prototype Orion with wheel-leg configuration of four flaps climbing an
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Fig. 2 Scanning electron micrograph of PDMS micropillars
used in our dry adhesive

2.2 Adhesive Characterization. Adhesive material is charac-
terized by how much adhesive force is generated given a preload
force. Typically, adhesion is greater than preload for low preload
pressures and saturates to a maximum adhesion value at high pre-
load pressures. The bilayer adhesive used here was characterized
for its adhesion through measurement on a custom-made setup
[30] consisting of a computer numerical control (CNC) milling
machine, a digital balance with a range of =300 g and a precision
of 0.01 g, and an acrylic piece of 25 mm x 25 mm attached to the
drill chuck of the CNC milling machine to simulate the climbing
wall. A 20mm x 20 mm adhesive specimen was loaded onto the
center of the weighing pan of the balance and a normal preload
ranging from 2 g to 250 g was applied by rotating the vertical feed
handwheel of the CNC machine to lower the acrylic piece onto
the adhesive. Once the positive balance reading reached the
desired preload value, the acrylic piece was withdrawn and the
negative balance reading during the withdrawal represented the
normal adhesive force of the specimen. Data recorded then repre-
sent the normal adhesive force corresponding to the applied pre-
load force which characterizes the bilayer adhesive used here.

3 Robot Modeling and Force Analysis

In this section, we describe our robot locomotion model and the
force analysis we performed in order to obtain the climbing robot
requirements.

3.1 Robot Motion Model. To study the robot behavior dur-
ing each flap contact cycle, we model the robot movement as a
slider-crank mechanism to capture the dynamically changing geo-
metric parameters for use in the force analysis. As portrayed in
Fig. 3, during each flap contact cycle, the robot’s movement
resembles a slider-crank mechanism that rotates from iy = 0deg
to ¥ = 90deg, after which the rotational pivot switches to the
next successive flap and the motion repeats. Using the analysis of
the RRRP (revolute revolute revolute prismatic) linkage [31], the
positions of the pivot points A and B, and the point C in the cou-
pler (representing the position of the robot’s center of gravity
(CQ)) relative to the frame at pivot point O, as shown in Fig. 4,
can be expressed in terms of the input angle { as

_J rcos{
Af{rsiné’} M

(1)

C_{i‘c?sé+dc?s(§+¢—a)} 3)
rsin{ +dsin({ + ¢ — )
where
s=rcos{ — \/L2 — €2+ 2ersin{ — (rsin C)2 “)
(e - rsinC)
¢ =arctan2| ——— | — ( 5)
s —rcos{
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Fig. 3 Slider-crank mechanism model for the robot motion

Note that the robot’s motion of iy = 0deg to y = 90deg in
Fig. 3 is equivalent to the slider-crank input rotation of { =
135deg to { = 45deg in Fig. 4, i.e., { = 135deg — . Using this
motion model, the changing geometric parameters of the robot
can be captured continuously as it moves, and the force analysis
can be performed throughout the robot motion.

3.2 Adhesive Force Requirement Analysis. Adhesives gen-
erally have high shear adhesion strength and detachment usually
occurs due to insufficient normal adhesion. As seen in Fig. 3, there
are generally two states of the robots: double-flap stance and
single-flap stance. Similar to Ref. [21], the minimum normal
adhesive force required to prevent detachment is analyzed at the
single-flap stance as there is only one flap per side attached to the
surface providing adhesion. However, instead of assuming that
the highest adhesion required is at iy = 45 deg (due to the robot’s
CG being the furthest away from the surface), we analyze the
required normal adhesive force for the entire robot motion and
demonstrate that the assumption does not necessarily hold.
Although the peeling motion in whegs is gradual, i.e., there exists
double-flap stance between y = 0deg to yy = 90deg, the instan-
ces are simplified and the analysis of the single-flap stance is per-
formed for the whole motion of the robot, as getting a higher
minimum adhesive force than required does not deteriorate the
design criteria but rather adds a decent safety margin. The green

Fig.4 Geometric parameters of the robot
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Fig. 5 Free body diagram of the climbing robot (a) during
single-stance motion and (b) during double-stance (dimensions
are in mm)

adhesive in Fig. 3 is the single flap of interest that provides the
adhesion to the surface during the robot motion.

Quasi-static analysis is usually adequate when the robot is mov-
ing slowly or at a constant velocity. In addition, assuming sym-
metric loading and an equivalent point force acting at the center
of the adhesive (G in Fig. 4), the system of equations for equilib-
rium during single-flap stance (Fig. 5(a)) is given by

> Fe=0=Fgy — Wsin0 (6)
ZFy:O:F,,,,—I—FRm,,—WcosH (@)

ZMP =0 = FiuLm(y) — W cos H(L“'g’"(w))
—W sin G(Lytgm(l//)) = FramLrm ®)

where 0 is the climbing slope angle, W is the robot’s weight, Fg,,,
is the shear force on the adhesive flap, Fg,, and F,,, are the nor-
mal forces on the adhesive and the tail, respectively, Ly, Lycgms
and L,,,, are the distances between the pivot point P and the tail,
CG, and the center of the adhesive, respectively, Ly, is distance
between the slope surface and the CG, and / is the wheel rotation
angle. Solving for Fg,,, gives

4 [COS 9( m(Y) — Lxcgﬂl(‘//)) — sin H(Ly(fgm(‘//))]
Ltm(l//) + Lxrm
which yields the normal force acting at the center of the adhesive

during the single-stance motion at each instance  for different
slope angle 6, and where

©)

From =

Lin() = —B.() (10)
Lugm(lp) = 7C\(‘//) (1 1)
Lyrgm(lp) = Cy(lp) - By(lp) (12)

Figure 6 (top) shows the plot of the normal force acting on the
adhesive (Fg,,) for the single-flap stance at varying climbing
slopes 0. The blue dotted line denotes the values of Fp,,, at
Y = 45 deg, which is the wheel rotation angle at which the robot’s
CG is the furthest away from the slope. The blue solid line plots
the minimum value of Fy,, along the robot motion, and the
orange dash-dot line shows the wheel rotation angle s at which
the minimum Fpg,,, occurs. For example, at 100deg slope, the
minimum Fpgy,,,, is —~0.22 N and the wheel rotation angle i at which

020902-4 / Vol. 11, APRIL 2019

this occurs is 69 deg. Hence, one can see that the minimum force
does not always occur at = 45deg; in fact it smoothly pro-
gresses from iy = 0deg to y = 90deg for an interval of the slope
angles before settling at either y = 0deg or y = 90deg. This is
because, as can be inferred from Eq. (9), the minimum Fg,,,, is not
only affected by the distance of the CG from the surface but also
by the relative distance of the robot’s tail from other parts of the
robot.

Zooming in into details, the robot position where minimum
Frum occurs for the varying climbing slopes 0 (Fig. 6, top) can
generally be divided into three regions (Fig. 6, bottom subplots):
(i) From(¥) increases along the robot motion or is concave and
minimum Fg,,, occurs at y = 0deg, (ii) Fg,, () is convex and
minimum Fg,,, progressively occurs at iy = 0deg to y = 90deg,
and (iii) Fg,,,() decreases along the robot motion or is concave
and minimum Fy,,, occurs at ¥y = 90deg. This is analogous to
scanning a general graph of “acos(x) — bsin(x)” with varying
amplitudes, which is foreseen from the structure of Eq. (9).

3.3 Tail Force Analysis. For a more comprehensive analysis
of the factors affecting the normal force on the adhesive, we
now further analyze the force acting on the robot’s tail as well.
Figure 7 shows the plot of the minimum normal force on the adhe-
sive for varying slope angles, and the corresponding normal force
acting on the robot’s tail (F,,) obtained through Eq. (7). Funda-
mentally, adhesion is required when these forces are negative, as
this means that instead of experiencing a positive reaction (push-
ing) force from the surface, the robot experiences an attractive
(pulling) force, which should be provided by the adhesion.

As seen in Fig. 7, F,, falls below zero for a range of slope
angles. This means that adhesion at the robot’s tail is sometimes
needed to maintain equilibrium. However, there is no adhesion at
the tail of our robot, and when F,,, is negative, the tail in fact loses
contact with the surface. In light of this, we now introduce another
two distinct states of the robot: (1) the tail is in contact with the
surface, and (2) the tail loses contact with the surface. When the
second state occurs, we need to set F',,, to zero instead. Then, from
Eq. (7), Frum bears all the y-component of the robot’s weight, i.e.,
From = W cos 0. The moment component initially provided by the
tail (FynLy, in Eq. (8)) now needs to be provided by the moment
component of the adhesion (termed as Mg, hereafter), which was
assumed to be zero or nonexistent in the previous analysis. In
summary,

State 1: Robot’s tail is in contact with the surface (F,,, > 0)

w [COS G(er (lﬁ) - L.\'cgm(l//)) —sin Q(Ly(rgm (l//))}

F nm —
8 Lin() + Lum .
Fin = Wcos0 — Frum

MRm =0

State 2: Robot’s tail loses contact with the surface (F,, < 0)

Frum = Wcos 0
th =0

MRm - 7W Ccos G(ngm(l//)) - W SiIl H(Lyvgm('r//)) - FanLxrm

(14)

Figure 8 shows the plots of the minimum normal forces on the
adhesive obtained using the different analysis approaches, with
Frum (rev) and F,, (rev) being the results of the revised analysis
in this section. As seen from the figure, fixing the force analysis at
Y =45deg and without analyzing the force behavior at the
robot’s tail leads to an underestimation of the minimum adhesive
force required. It is also more sensible to set F,,=0 when
Fi, <0, as following the previous analysis (Fg,, (min)), one
would have expected the robot (without adhesive at the tail) to be
able to climb a 260 deg slope without the need of an adhesive on

Transactions of the ASME
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Fig. 6 Plot of the normal force at the center of the adhesive during single-flap stance versus
slope angle (top), and along the robot motion at several specific slope angles (bottom subplots)

the wheels, which is not the case. The revised analysis (Fg,,, (rev)
in Fig. 8) gives a more reasonable prediction as the robot is
expected to stop needing an adhesive for slopes above 270 deg
(climbing vertical down).

Based on the minimum normal force acting on the adhesive
(FRrum (rev) in Fig. 8), we can then decide on the required value of
the critical peeling force, F,, of the adhesive material according
to the slope angle that the robot needs to be able to climb, with
F . = —FRram. For example, in our case, we want to design a robot
that is able to climb up to 120deg slope, so the critical peeling

Journal of Mechanisms and Robotics

force of the adhesive material used should be at least 0.36 N, as
shown in Fig. 8 (red dashed line).

3.4 Preload-to-Peeling Force Ratio Analysis. Another
important measure in the modeling of climbing robots with dry
adhesives is the preload-force-to-critical-peeling-force ratio, as an
adhesive material is usually characterized by how much adhesive
force can be generated by a given preload force. Analyzing the
double-flap stance (Fig. 5(b)), it can be inferred that at this stage

APRIL 2019, Vol. 11 / 020902-5
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Fig. 7 Plot of the minimum normal force at the center of
the adhesive during single-flap stance, and the corresponding
normal force acting on the robot’s tail for varying slope angles
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Fig. 8 Plot of the minimum normal force at the center of the
adhesive during a single-flap stance based on the different
analysis approaches, and the force acting on the robot’s tail
based on the tail force analysis, for varying slope angles

the rear flap is peeling the adhesive while the front flap is being
preloaded simultaneously. Assuming that peel-off is just about to
occur, then Fr, = —F, and Ff, gives the preload force applied
on the front flap. The system of equations for equilibrium during
double-flap stance (Fig. 5(b)) is given by

> Fy=0=Fg+ Fp,— Wsin0 (15)
> Fy=0=F,+ Fpy+ Fp, — Wcos0 (16)
> Mp =0=FL —Wcos 0(Lyg) — Wsin0(Lyc,) i

- FRanr - FFnL,\;f

from which we can solve for Ff, with the geometric dimensions
of the robot as given in Fig. 5(b). Similarly, there are two states of
the robot.

State 1: Robot’s tail is in contact with the surface (F, > 0)

W [c0s O(L; — Lucg) — 5in 0(Lycg)] — Fra(Ls + Ly
Lt + L).f
- FFn

Fpp =

F; =Wcos0 — Fg,

Mg +Mr =0 (18)

020902-6 / Vol. 11, APRIL 2019
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Fig. 9 Plot of the preload-to-critical-peeling force ratio for
varying slope angles

State 2: Robot’s tail loses contact with the surface (F; < 0)

Fr, =Wcos0 — Fg,
F,=0
MR + M[: = —Wcos Q(Lxcg) — Wsin Q(Ly(;g) - FRy,Lxr - FFHL,xf
19)

where My and My are the moment components of the rear and
front adhesive, respectively. The preload-to-critical-peel-off ratio
(R,,) can then be obtained as Fp,/F,., and is plotted in Fig. 9.
Negative values of the ratio indicate the range of climbing slopes
that the robot is unable to climb due to the choice of the critical
peeling force F., value of the adhesive material. This ratio will be
useful in devising further requirements for the adhesive material,
which will be discussed in Sec. 4.

4 Climbing Robot Requirements

In this section, we discuss two important design criteria that
can be obtained following the force analysis, namely the mini-
mum adhesive size to generate the required adhesion force based
on the material characteristics, and the minimum motor torque
required to provide the peeling and preload forces, overcome the
robot’s weight component along the slope, and keep the overall
equilibrium of the climbing robot. These two criteria must be met
in order to attain an operative climbing robot, which can also
serve as constraints for robot optimization.

4.1 Adhesive Size Requirement. The performance character-
istic curve of an adhesive material in terms of how much adhesive
force is generated given a preload force can be approximated by a
power law function [21]

1/n

Py =aPy (20)

where P, is the adhesion pressure, Pp is the preload pressure, a is

a scaling coefficient, and n > 1. The characteristics of the bilayer

adhesive used here based on the adhesive characterization experi-

ment conducted can be approximated by P, = 0.675P%". In order

to identify the suitable size of the adhesive material, the adhesion

versus preload curve is overlayed with lines of gradient values

corresponding to the inverse of the preload-to-peeling ratio R,,, at
various climbing slope angle 0 (Fig. 9)

1
Py=——Pp 2D
Ry (0)
This is shown in Fig. 10 for some slope angles. The intersection
of the performance curve and this inverse-ratio line then gives the

specific preload pressure that multiplies into the required amount

Transactions of the ASME
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of adhesion pressure according to the preload-to-peeling ratio,
which can be obtained as

Pp = (aRp)™ 22)
The minimum required adhesive area (A,) is obtained by
F Fn
A, = 23
“=p (23)

Based on this analysis and the bilayer adhesive material charac-
terization, our robot is required to have a minimum adhesive area
of 6.8 cm? per flap to be able to climb up to 120 deg slope angle.

4.2 Motor Torque Requirement. To obtain the minimum
motor torque required, the free body diagram (FBD) of the whole
robot is decoupled into the wheel and chassis components as
shown in Fig. 11. The values of the normal forces acting on the

L

“yrsm
(a) - -
E'
5
(b)
!
28
SR
!
} ]
&3
Fig. 11 Free body diagram of the individual components of the

robot: (a) wheel at single-flap stance, (b) wheel at double-flap
stance, and (c) chassis

Journal of Mechanisms and Robotics

adhesive and the tail will follow the revised analysis based on the
robot motion and tail consideration (F,,, (rev)). From the chassis
FBD (Fig. 11(c)), we have

> Fe=0=—R,~Wsin0 24)
From the single-flap stance wheel FBD (Fig. 11(a)), we have
> Fy=0=Fron +R, (25)

ZMS =0= Tx,l - Fan(Lxrsm(lp)) - FRxm(Lyrsm(lp)) - MRm

(26)

where
Lysm(¥) = G — Ax(¥) @7
Lyrsm(Y) = Ay(Y) = By(¥) (28)

Then, we can get the torque acting on the shaft at single-flap
stance along the robot motion as
Ts,l = Fan (Lxrsm(w)) + W sin H(Lyrsm(lp)) + MRm (29)

Similarly, from the double-flap stance wheel FBD (Fig. 11(b)) we
have

D Fi=0=Fp+Fp +R, (30)
ZMS =0= Ts,2 +FRn(Lxrs) - FFH(LXfS)
- (FRX + FFx)Lyx - MR - MF (31)

The torque acting on the shaft during double-flap stance is then
obtained as

Ts.2 - FFn(L.xfs) - FRn (Lxrs) -W sin Q(Lys) + MR + MF (32)
Then, the minimum motor torque requirement is obtained as
max(max(7Ty ), T
— ( ( 5<1) 512) (33)

where R, is gear reduction value (if any).

Figure 12 shows the minimum motor torque required by our
robot to climb the varying slope angles with adhesive material of
critical peeling force F..=0.36 N. Note that since our robot is
driven by two separate motors, the required torque is shared by
the two motors.

Torque requirement at Fcr =0.36N
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Fig. 12 Plots of the torque requirements for varying slope
angles for F;,,=0.36 N
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Fig. 13 Comparison between theoretical and experimental val-
ues of the normal force on the adhesive at the beginning
(¥ =0deg) and middle (y = 45 deg) of single-flap stance (top),
and both the normal force on the adhesive and tail at the end
(¥ = 90deg) of single-flap stance (bottom)

5 Experiments

In this section, we perform experiments on the physical climb-
ing robot protoype to verify the validity of the revised force analy-
sis and the design criteria generated.

5.1 Force Evaluation. To verify the normal force acting on
the adhesive along the robot’s motion, one of the robot’s legs was
adhered to a digital balance with a range of =300 g and a preci-
sion of 0.01g to measure the normal force at three different
single-flap stance configurations as shown in Fig. 3. These meas-
urements were taken at a climbing slope interval of 45deg, and
the results are shown in Fig. 13 (top). It was challenging to
acquire reliable measurements at robot’s configuration yy = 0 deg
and y = 45 deg for climbing slope angles 180 deg, 225 deg, and
270 deg, as the robot tended to slowly rotate away from the sur-
face under its own weight (pitch-back) due to the compliancy of
the adhesive. At yy = 90 deg, this pitch-back moment was coun-
teracted by the higher bending moment of the adhesive at the
larger bending angle, and thus measurement could be taken. In
light of this, the force measurement at the tail was only performed
at configuration ¥ = 90 deg so that it was not affected by the
pitch-back motion. For the tail force measurement, the robot’s tail
was placed on a digital scale (without adhesive), and the force
measurement results are shown in Fig. 13 (bottom). Based on the
experimental results, it is verified that the force behavior during
the robot’s motion can be attained fairly accurately using the robot
motion model. The experimental results also validate that the nor-
mal force at the tail became zero when it loses contact with the
sensor (i.e., the surface) instead of experiencing a negative force,
and the corresponding force on the adhesive to overcome this is
also verified.

5.2 Design Criteria Verification and Discussions. We now
compare the design criteria obtained for our robot against the
performance of the physical robot prototype. Upon testing the
physical robot, it was found that the robot was able to climb a

020902-8 / Vol. 11, APRIL 2019

i

Fig. 14 Image sequence of the robot climbing a vertical
surface
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Fig. 15 Torque requirements for critical peeling force designed
to climb all slope angles

120 deg slope with a minimum adhesive area of 7cm?” per flap,
which is very close to the adhesive size requirement obtained
from the analysis. The design criteria generated here are more
accurate than in our previous work [32] as in this work we did our
own characterization of the bilayer adhesive material. Figure 14
shows an image sequence of our robot climbing a vertical surface
during one of the tests. The robot climbs the vertical surface at an
average speed of 3 cm/s.

Although the design criteria slightly underestimated the actual
required adhesive area, it provides a reasonable guideline and
starting estimate on the adhesive requirement. Possible reasons
for the larger actual size required include incomplete contact area
between the adhesive and the surface, nonideal force transfer dur-
ing the step, and overestimation of the adhesion performance
curve as material test is usually conducted in a highly controlled
environment. It is also recommended [21] to have a margin of
safety by increasing the area of the adhesive to circumvent those
expected failures.

Based on Fig. 12, the torque required by each motor of our
robot to climb slopes up to 120 deg is on average around 2 mN-m.
To verify the torque specification, we test the robot using two dif-
ferent motors: a low torque motor at 2.1 mN-m (Faulhaber
1512U003SR, (Schonaich, Germany) 13:1 running at 75% contin-
uous torque capacity) and a high torque motor at 14.85 mN-m
(Faulhaber 1512U003SR 112:1 running at 75% continuous torque
capacity). The robot with the low torque motor was barely able to
walk intermittently even on a Odeg slope, while the robot with
high torque motor climbed the slope up to 120deg smoothly.
These tests verify the motor torque criteria provided by the
analysis.

The torque requirement analysis also provides explanation for
the observation or experimental results in Ref. [17]. Their robot,
which has a similar structure as our climbing robot, is capable of
climbing on all slope angles. Hence, it will have a similar form of
motor torque requirement plot as shown in Fig. 15, which is the
plot of the required motor torque should our robot have been
designed to climb on all slope angles (F.=0.71 N from Fig. 8).
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Their robot was reported to climb slower vertically up than inverted
on the ceiling, which is verified by the higher motor torque required
at 90deg slope than at 180deg. They also reported that the robot
failed to walk vertically down due to the body rotating too much
under its own weight during the single-flap stance. This is again
verified by the motor torque requirement which shows a negative
torque requirement for the single-flap stance at 270 deg, which is
mainly attributed by the robot’s weight component.

6 Conclusions

In this work, we expand on a previously reported approach for
climbing robot analysis and also apply it to the design of our
climbing robot. Several refinements of the approach that were pre-
viously absent include integrating a robot motion model in order
to obtain a more extensive and accurate force behavior analysis
along the robot’s motion, investigating the tail’s effect on the
climbing robot’s overall equilibrium and requirements, and verifi-
cation of the design criteria. Based on the more comprehensive
analysis, we introduce and discuss two additional distinct states of
the robot: when the robot’s tail is in contact with the surface and
when the robot’s tail loses contact with the surface, which affects
the overall force analysis of the climbing robot. The force behav-
ior along the robot’s motion and the two states of the robot’s tail
proposed in this paper are verified through experimental force
measurements. Future works will include sensitivity analysis on
the developed model to optimally test and design the wheg config-
uration, as well as optimization of the drive train components and
mass distribution.
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