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Disassembly is a crucial step in remanufacturing
and is currently mainly performed by humans.
Automating disassembly can reduce labour costs and
make remanufacturing more economically attractive.
This paper focuses on identifying and characterizing a
common disassembly task, dual peg-hole disassembly,
with the aim of building a robotic disassembly system
for this task. We enumerate the possible contact states
and their geometric conditions during the extraction
of two studs in a dual peg-hole. This paper focuses on
jamming in the extraction and conducts geometrical
and quasi-static analyses to determine the boundary
conditions of jamming. Based on the analyses, this
paper also investigates the role of active compliance as
a solution to avoid jamming. We also simulate critical
variables and examine key parameters such as the
degree of compliance, the location of the compliance
centre and initial position errors. Finally, we conduct
experimental studies on dual peg-hole extraction with
different compliance centres obtained using active
compliance.

2024 The Authors. Published by the Royal Society under the terms of the
Creative Commons Attribution License http://creativecommons.org/licenses/
by/4.0/, which permits unrestricted use, provided the original author and
source are credited.
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1. Introduction
The disposal of end-of-life (EOL) products presents a global challenge with a profound impact
on both the environment and the economy [1]. To mitigate these impacts, EOL products are often
recycled, reused, and remanufactured so that their components and materials can be separated
non-destructively for future reuse [2].

Remanufacturing involves several stages, including disassembly, cleaning, inspection, repair
or replacement of damaged parts, reassembly and testing [3]. Disassembly is a crucial step that
links product return with product recovery [4]. However, manual disassembly can be inefficient.
To reduce time and labour costs and improve efficiency, automatic disassembly using robotics can
be employed [5]. One common task in disassembly is extracting a peg from a clearance-fit hole [6].

The extraction of a peg from a hole is a routine operation in the disassembly of mechanical
components, such as detaching a shaft from a bearing in automotive turbochargers [7] and electric
motors [8]. This procedure extends to the disassembly of assemblies with multiple peg-holes or
dual peg-holes, as seen in examples such as electric plugs, capacitors and resistors.

While there have been many studies on peg-hole assembly, few studies have focused on
disassembly. In the assembly and disassembly process, disassembly has received less attention.
The geometry of assembly parts plays a key role in both processes. Lateral and angular
misalignment between separated components can increase reaction forces and cause problems
during disassembly. Unbalanced forces can cause jamming and wedging in disassembly, and this
is a significant risk in the use of robots in peg-hole disassembly.

Jamming and wedging can occur due to reaction forces, preventing successful completion of
the task and causing damage to the components and robotics [9]. Whitney analysed the quasi-
static assembly of a cylindrical peg into a chamfered hole [10]. By using industrial robot strategies
such as the remote compliance centre (RCC) [10–13], the jamming and wedging problem can be
solved, allowing for successful insertion and extraction of pegs [11,12].

Simunovic [14] and Whitney [15] used a compliant manipulator to analyse peg-hole assembly
and developed an RCC device to improve accuracy and efficiency. Researchers have also analysed
rectangular peg insertion without chamfers [16] and three-dimensional rectangular peg insertion
[17,18]. Sturges et al. also developed Spatial Remote Centre Compliance (SRCC) [19].

Strip [20] developed a hybrid force-position strategy for three-dimensional convex pegs using
active compliance. Zhang et al. performed a quasi-static analysis of peg-hole disassembly with
a compliance device, exploring the effect of key variables such as the degree of compliance,
compliance centre location and position error [12]. Wang et al. compared passive and active
compliance and found that active compliance was more beneficial due to its faster dynamic
response [21]. Despite its cost and limited response speed, active compliance is an effective
method for improving assembly reliability [22]. Sathirakul & Sturges [23] and Fei & Zhao [24]
applied the compliance principle in multi peg-hole assembly tasks to correct lateral and angular
misalignments. However, there has been a lack of in-depth investigation into multi-peg-hole
disassembly. This has resulted in a knowledge gap regarding the mechanisms and contacts
involved in the process.

In our previous studies [12,25], we explored contact states within one-peg and one-hole
scenarios, characterized by limited contact points typically concentrated at the peg tip and hole’s
inner surface. These situations featured simpler geometries. In this paper, we delve into the
intricacies of dual peg-hole scenarios, where each of the two pegs can establish numerous contact
states with their respective holes. These contact points may manifest at various locations along
the pegs, resulting in a more complex contact geometry compared to the one-peg-one-hole case.
This research is motivated by the demand to address these complexities.

This paper shows an analysis of dual peg-hole extraction problems in two dimensions,
highlighting the boundary conditions of jamming and proposing a solution using active
compliance to avoid jamming.

The effectiveness of the active compliance strategy in robotics for peg-hole assembly and
disassembly lies in its adaptability, precise force control [12], sensitivity, safety, efficiency,
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versatility and demonstrated real-world applications. This approach empowers robots to
dynamically adjust to their environment, responding in real time to factors such as misalignments
or surface irregularities, thus reducing the length of the jamming area in peg-hole operations.
Additionally, by employing force sensing, robots can accurately apply the necessary force
for insertion and removal without causing damage to the components. This precision and
adaptability make active compliance a valuable and reliable solution, particularly in industrial
settings demanding high-precision performance [26].

Section 2 presents an analysis of multiple peg extraction during disassembly. Section 3
provides a geometric analysis of dual-peg extraction. Section 4 describes the force analysis of
dual-peg extraction. Section 5 presents the experimental design and the results that confirm the
theoretical disassembly model.

2. Analysis of multiple peg extraction during disassembly
Dual peg-hole extraction is a disassembly task in which two pegs are held together, moved
together, and removed from their respective holes at the same time (figure 1). Although peg-
hole disassembly is a three-dimensional problem, it can be schematically illustrated and analysed
in two dimensions for simplicity [6]. To ensure that the simplified two-dimensional model can
represent three-dimensional contact conditions, Lan et al. [25] investigated the correctness of
using two- instead of three-dimensional models for peg-hole system analysis and compared the
results obtained from two- and three-dimensional models. The authors concluded that the two-
dimensional model can be used to represent the challenges in three dimensions if the following
conditions are met:

1. The peg and hole are circular and axisymmetric.
2. The peg and hole are aligned.
3. The peg is not tilted.
4. The clearance between the peg and hole is smaller than the peg size.

Given these insights, we also adopted the simplified two-dimensional model for our analysis,
which focuses on the geometry and contact states of dual peg-holes.

The analysis assumes two pegs of equal length and makes the following assumptions: (a) the
pegs are stiff, (b) extraction occurs only vertically upwards and (c) the active compliance centre is
located along the extraction axis between the two holes.

Based on the assumptions stated above, the forces and moments generated by contacts
between pegs and holes can be calculated. Predicting force and torque during disassembly helps
identify configurations in which the compliant devices supporting the pegs, such as a remote
centre compliance (RCC), spatial RCC (SRCC) or active compliance centre, may fail to avoid
wedging and jamming [23]. The force/torque analysis provides a better understanding of the
physics of multiple peg-out-hole extractions using compliance mechanisms. The extraction phase
of the dual-peg extraction problem is thoroughly examined in the following sections.

3. Geometric analysis of dual-peg extraction

(a) Extractability
Consider a dual peg-hole set with dimensions as shown in figure 1. Peg 1 and Peg 2 have radii of
rP1 and rP2 , respectively. Hole 1 and Hole 2 have radii of RH1 and RH2 , respectively. The distance
between the axes of the pegs is DP, and the distance between the axes of the holes is DH. The
distance between Peg 1 and Hole 1 is C1, and the distance between Peg 2 and Hole 2 is C2. The
current extraction depth is represented by h.

The necessary conditions for dual peg-hole disassembly are as follows:
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DP

rP1

r�P rP2

DH

RH1
RH2

R�H
C1

C2

1 2

Figure 1. The geometric model of a dual peg-hole.

(a) The pegs must be smaller than their corresponding holes

rP1 < RH1 and rP2 < RH2 . (3.1)

(b) The distance between the outer edges of the pegs must be less than the distance between
the outer edges of the holes

DP + rP1 + rP2 < DH + RH1 + RH2 . (3.2)

(c) The distance between the inner edges of the pegs must be greater than the distance
between the inner edges of the holes

DP − rP1 − rP2 > DH − RH1 − RH2 . (3.3)

Conditions b and c can be written as − (C1 + C2) < DH + DP < C1 + C2, where C1 and C2 are
the clearances, e.g. C1 = RH1 − rP1 and C2 = RH2 − rP2 . For the dual pegs to be extracted, all
these conditions must be met at the same time. The ability of pegs to be extracted from their
corresponding holes is referred to as extractability.

(b) Prediction of possible contact states
Figure 2 shows dual pegs that are extractable based on their maximum left and right travels. The
pegs are rotated clockwise and anticlockwise while maintaining their current contact to produce
other possible contact states. There are 13 possible contact states [23] that can exist in a dual peg-
hole disassembly process (table 1). The contact states can be divided into four main groups: (a) no
contact, (b) one-point contact, (c) two-point contact and (d) line contact, as shown in figure 3.

Ideally, the pegs should be in a state of no contact, but this rarely happens. The process
typically begins with two-point contact due to compliant manipulation and the presence of lateral
and angular errors. This occurs when a compliant manipulator grips a peg, causing it to shift and
rotate (figure 3c). As the peg is extracted, the errors may decrease due to compliance, and the
process may transfer to one-point contact (figure 3b) or line contact (figure 3d). To transfer from
the two-point to one-point contact, the peg must rotate during the extraction process (figure 3b).
The one-point contact state is maintained until the peg is completely extracted from the hole.
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1 2 3

1� 2� 3�

Figure 2. Maximum left- and right-side travel cases.

Table 1. Various contact states for dual-peg extractions.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Sathirakul & Sturges [23] and Fei & Zhao [27] found that in two-dimensional cases, the three-
point and four-point contact states during peg-in-hole insertion can only exist when certain
conditions are met, such as given dimensions and associated insertion depth. As a result, these
contact states are considered transient and unimportant in peg-hole insertion. Peg-hole insertion
and extraction follow the same geometric analysis.
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(d )(c)(a) (b)

Figure 3. Typical states of the dual peg-hole disassembly process: (a) no contact, (b) one-point contact, (c) two-point contact
and (d) line contact.

θ

R1 R2

DH

h

h2

DP

R �

rP1

rP2

r�

Figure 4. Three-point contact state of dual peg-in-hole.

A three-point contact can occur if equations (3.1) and (3.2) are satisfied simultaneously (θ is the
tilt angle of the peg)

h sin θ + 2rP1 cos θ = 2RH1 (3.1a)

and
h sin θ + (2rP1 + 2r′

P + 2rP2 ) cos θ = 2RH1 + 2R′
H + 2RH2 . (3.2b)

Similarly, four-point contact can only occur if equations (3.1) and (3.3) are both satisfied
(figure 4).

h2 sin θ + (2rP2 ) cos θ = 2RH2 . (3.3c)

Therefore, three-point and four-point contacts are considered transitory and insignificant, as
they only occur at specific insertion depth points rather than in a depth region [23,27].

Jamming is a common problem in peg-hole disassembly. Jamming occurs when a peg is unable
to move due to improperly applied forces and moments. It can occur in the two-point contact state
and can be avoided by reducing the two-point contact region and controlling the position where
two-point contact occurs [28]. In the case of three-point and four-point contacts, these issues are
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(c)(a) (b)

Figure 5. Classification of two-point contact states in dual peg-hole disassembly.

minimal because they occur at specific depth points rather than at specific regions. As a result,
this study focuses on jamming analysis in two-point contact states.

4. Force analysis of dual-peg extraction
Analysing forces and moments during dual-peg extraction is important for planning fine motions.
Several conditions must be met for successful extraction of dual pegs from their holes. During
extraction, the dual pegs may experience various contact states, some of which may be more
desirable than others. To maintain each contact state, it is necessary to derive the conditions of
applied forces and moments. A two-dimensional dual-peg problem may have 13 possible states
(table 1), but contact states with more than two-point contacts are insignificant in jamming, as
explained in §3. In general, dual peg-hole problems can be considered similar to one peg-hole
problem in terms of two-point contact states (figure 5). Two-point contact states in dual peg-
holes can be categorized into three groups: (a) contact in one of the dual peg-holes, (b) external
surfaces of pegs contacting hole surfaces and (c) inner surfaces of pegs contacting hole surfaces.
This section analyses a contact from each category.

(a) Derivation of force–moment conditions for maintaining contact states
Consider two pegs of the same length with dimensions, as shown in figure 6a. The reference
frame for the dual pegs in each state is located at the end of the selected peg (shown in orange).
All forces and moments acting on the pegs are prescribed with respect to this reference frame. It
is assumed that the dual pegs and the hole are initially in two-point contact and that the angle is
small to simplify the calculations. This assumption is valid because, in practice, the peg’s angular
error is typically only a few degrees at most.

As shown in figure 6b, δ0 and β0 represent the initial lateral and angular errors, respectively.
The compliance centre and the tip of the peg are located at distances U0 and ε0 from the axis of
the hole, respectively.

(i) Contact in one of the dual peg-holes

In this section, the contact states of two points that occur in one of the peg-holes (figure 5a) are
analysed. There are four possible contact states in this situation. The force analysis of one of these
contact states is presented here as an example. Consider the quasi-static equilibrium condition
of double pegs in contact mode 5 (table 1), as shown in figure 7. Extraction forces (Fz), (Fx) and
moments (M) are applied to the studs at point O, which is the origin of the reference frame. The
distances U and ε vary continuously during disassembly. The path of the compliance centre can
be deduced as follows:

U + ε = L� sin θ ,
U − U0 + (ε − ε0) = L�(θ − θ0)

ε = r′ cos θ − R′
and U − U0 = L�(θ − θ0).

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(4.1)
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KZ

LC

Kθ0C

FZ

FX

M

θ

KX

compliant
manipulator

2r�

2R�
r

R

h

KZ

KX

U0

h0

LC

Kθ

δ0

β0

ε0

0C

2r�

2R�

R

r

θ

(b)(a)

Figure 6. (a) Dimensions and reference frame for dual peg-hole. (b) Definition of the initial position in the dual peg-hole.

U

FN2

FN1

FZ

M FX

Ffr2

Ffr1

LC

hH

Kθ (β0 + θ�– θ0)

Kx (δ0 + U0 – U)

θ

ε

Figure 7. Geometry and forces during the two-point contact in one of the dual peg-holes.

In this equation, L� is the distance between the compliance centre and tip of the pegs, and h is
the depth of peg extraction.

During two-point contact, the geometrical relations are as follows, based on geometrical
constraints between the dual peg-holes

R = h sin θ

2
+ r cos θ . (4.2)
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In the case of small clearances between pegs and holes, equation (4.2) can be simplified as

hθ = 2�R, � = R − r
R

; � : Clearance ratio for first peg-hole. (4.3)

Whitney’s [10] method can be re-expressed contact and supporting forces at and around the
compliance centre in the coordinate frame fixed at the tip of the selected peg.

Fx = FN2 − FN1,
Fz = μ(FN1 + FN2)

and M = (h − μr)FN1 + μrFN2.

⎫⎪⎬
⎪⎭ (4.4)

The following is the applied force and moment by compliance centre:

Fx = −Kx(δ0 + U0 − U)

and M = KxL�(δ0 + U0 − U) + Kθ (β0 + θ − θ0).

}
(4.5)

By assuming FN2 = 0 for the contact force at point 2, it is possible to calculate the boundary
conditions for the two-point contact. Accordingly, the contact forces are as follows:

Fx = −FN1
Fz = μFN1

and M = (h − μr)FN1.

⎫⎪⎬
⎪⎭ (4.6)

The path of the centre of compliance in the boundary conditions of the two-point contact state
is expressed as follows using equations (4.1) and (4.6):

θ = θ0 − β0 + Kx(h − μr − L�)(L�β0 + δ0)

KxL�(h − μr) − KxL2
� + Kθ

and U = U0 + δ0 − Kθ (L�β0 + δ0)

KxL�(h − μr) − KxL2
� + Kθ

.

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

(4.7)

By substituting equations (4.2) and (4.3) into equation (4.7), a quadratic equation can be
generated, which will be the roots of the equation for extraction depth h

αh2 + βh + γ = 0, (4.8)

where

α = A + KxL�B,

β = (E − μrKxL�)B − (L� + μr)A − 2cRKxL�,

γ = 2cR(μrKxL� − E),

A = Kx(L�β0 + δ0),

B = θ0 − β0

and E = Kθ − KxL2
�.

The roots (extraction depth1) of equation (4.8) are

h2 = −β +
√

β2 − 4αγ

2α
, h′

2 = −β −
√

β2 − 4αγ

2α
. (4.9)

The roots h2 and h′
2, which represent the beginning and end of a two-point contact zone, can

be found by solving equation (4.8).

1The period of the equation’s roots (h2 and h′
2) is discussed in section 4a(iv).
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In the one-point contact state, the geometrical parameters are as follows (θ ≈ 0):

U = L�θ − ε,
ε = r′ cos θ − R′

and U = L�θ − r′ + R′.

⎫⎪⎬
⎪⎭ (4.10)

The equations for U and θ and of the one-point contact can be obtained by combining equations
(4.5) and (4.6) in a coordinate frame fixed to the selected peg tip.

U = δ0 + U0 − N2 + Kθ θ

Kx(h − μr − L�)

and θ = N2 − KxN1(h − μr − L�)
−KxL�(h − μr − L�) − Kθ

,

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(4.11)

where

N1 = δ0 + U0 − R′ + r′

and N2 = Kθ (β0 − θ0). (4.12)

The reaction force and extraction force during the two-point contact can be obtained from
equation (4.4), which is composed of three equations and three unknown parameters

FN1 = −μr
h

Fx + 1
h

M,

FN2 = h − μr
h

Fx + 1
h

M

and Fz = M
λr

− μ

λ
(1 − λ)Fx; λ = h

2rμ
.

⎫⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎭

(4.13)

Equation (4.5) with equations (4.1) and (4.3) substituted produces Fx and M for the two-point
contact state.

Fx = −kx

(
δ0 + L�θ0 − cDL�

h

)

and M = kxL�(δ0 + L�θ0) − kxL�
2�D

h
+ kθ (β0 − θ0) + kθ�D

h
,

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(4.14)

where hθ = 2�R = �D; D = 2R.
By substituting equation (4.11) into equation (4.6), the extraction force in the one-point contact

state is calculated.

Fz = μkθ (θ − θ0 + β0)
(h − μr − L�)

. (4.15)

(ii) External surfaces of pegs contacting hole surfaces

In this part, the states where the external surfaces of the pegs contact the hole surfaces are
analysed, as shown in figure 5b. There are four possible contact states in this situation, and one of
these contact states is presented as an example. Consider the quasi-static equilibrium condition in
contact mode 10, as shown in table 1. Extraction forces, FX and Fz, and moments, M, are applied
to the stud at point O, which is the origin of the reference frame. The distances U and ε (figure 8)
are very continuous during disassembly.

where in this case, 2R = 2RH1 + 2RH2 + 2R′and 2r = 2rp1 + 2rp2 + 2r′.
The path of the compliance centre can be deduced as follows:

U + ε = L� sin θ ; ε = hθ

2

and U − U0 +
(

hθ
2 − ε0

)
= L�(θ − θ0).

⎫⎪⎬
⎪⎭ (4.16)
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Kx(δ0 + U0 – U)

Kθ(β0 + θ – θ0)

LC

θ

FN2

FN1

h

Ffr1

Ffr2

FZ

FX

2R

U

M

2r

ε

Figure 8. Geometry and forces during the two-point contact in the external surfaces of pegs contact holes surfaces.

During two-point contact, the geometrical relations are as follows, based on geometrical
constraints between the dual peg-holes

R =
(

h
2

)
sin θ + r cos θ . (4.17)

In the case of small clearances between pegs and holes, equation (4.17) can be simplified as

hθ = 2�R; � = (R − r)
R

; � : clearance ratio for both peg-hole. (4.18)

Contact forces and supporting forces at and about the compliance centre in the coordinate
frame fixed at the tip of the peg

Fx = FN2 − FN1,
Fz = μ(FN1 + FN2)

and M = (h − μr)FN1 + μrFN2.

⎫⎪⎬
⎪⎭ (4.19)

The following is the applied force and moment by compliance centre:

Fx = −Kx(δ0 + U0 − U)
and M = KxL�(δ0 + U0 − U) + Kθ (β0 + θ − θ0).

}
(4.20)

Boundary conditions of two-point contact when FN2 = 0:

Fx = −FN1,
Fz = μFN1

and M = (h − μr)FN1.

⎫⎪⎬
⎪⎭ (4.21)
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The path of the compliance centre in the boundary conditions of the two-point contact state is
expressed as follows using equations (4.16) and (4.21):

θ = θ0 − β0 + Kx(h − μr − L�)(L�β0 + δ0 + �R − ε0)

KxL�(h − μr) − KxL2
� + Kθ

and U = U0 + δ0 − Kθ (L�β0 + δ0 + �R − ε0)

KxL�(h − μr) − KxL2
� + Kθ

.

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

(4.22)

A quadratic equation can be generated by substituting equations (4.17) and (4.18) into equation
(4.22), which will be the roots of the equation for extraction depth2 h

αh2 + βh + γ = 0, (4.23)

where
α = A + KxL�B,

β = (E − μrKxL�)B − (L� + μr)A − 2cRKxL�,

γ = 2�R(μrKxL� − E),

A = Kx(L�β0 + δ0 + �R − ε0),

B = θ0 − β0

E = Kθ − KxL2
�.

The solutions of equation (4.23)

h2 = −β +
√

β2 − 4αγ

2α
, h′

2 = −β −
√

β2 − 4αγ

2α
. (4.24)

The geometrical constraints during one-point contact (θ ≈ 0)

U = L�θ − hθ + �R. (4.25)

The path of the compliance centre during one-point contact by using equations (4.20) and (4.21)

U = δ0 + U0 − N2 + Kθ θ

Kx(h − μr − L�)

and θ = N2 − KxN1(h − μr − L�)
−Kx(L� − h)(h − μr − L�) − Kθ

,

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(4.26)

where
N1 = δ0 + U0 − �R

and N2 = Kθ (β0 − θ0).

}
(4.27)

The reaction force and extraction force during the two-point contact can be obtained from
equation (4.19)

FN1 = −μr
h

Fx + 1
h

M,

FN2 = h − μr
h

Fx + 1
h

M

and Fz = M
λr

− μ

λ
(1 − λ)Fx; λ = h

2rμ
.

⎫⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎭

(4.28)

Fx and M for two-point contact by using equations (4.16), (4.18) and (4.20)

Fx = −kx

(
δ0 − ε0 + L�θ0 + �D

2
− cDL�

h

)

and M = kxL�

(
δ0 − ε0 + L�θ0 + �D

2

)
− kxL2

��D

h
+ kθ (β0 − θ0) + kθ�D

h
.

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(4.29)

2The period of the equation’s roots (h2 and h′
2) is discussed in section 4a(iv).

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

22
 M

ar
ch

 2
02

4 



13

royalsocietypublishing.org/journal/rspa
Proc.R.Soc.A480:20230364

..........................................................

Kθ(β0 + θ�– θ0)

Kx(δ0 + U0 – U)

h

U

M

θ
L C

FZ

FX

Ffr1FN1

FN1

2R�

Ffr1 ε

2r�

Figure 9. Geometry and forces during two-point contact in the inner surfaces of pegs contact hole surfaces.

The extraction force in the one-point contact state is calculated by substituting equation (4.26)
into equation (4.21).

Fz = μkθ (θ − θ0 + β0)
(h − μr − L�)

. (4.30)

(iii) Inner surfaces of pegs contacting holes’ surfaces

This section analyses the two-point contact state where the inner surfaces of pegs contact holes. As
shown in figure 5c, an inverted peg-hole is considered. There are two possible contact states in this
situation. As in the previous sections, the force analysis of one of these contact states is presented
as an example. Consider the quasi-static equilibrium condition of the dual pegs in contact mode
9, as shown in table 1. The distances U and ε (figure 9) are very continuous during disassembly.
The path of the compliance centre can be deduced as follows:

U + ε = L� sin θ

ε = r′ cos θ − R′
and U − U0 = L�(θ − θ0).

⎫⎪⎬
⎪⎭ (4.31)

Considering an inverted peg-hole, the radius of the hole, which is considered in this section as
the radius of the peg, is as follows:

R′ = r′

cos θ
− h

2
tan θ . (4.32)

For small clearances between pegs and holes, equation (4.32) can be simplified as follows:

hθ = 2R′�; � = (R′ − r′)
R

; � : clearance ratio for both peg-hole (4.33)
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Contact forces and supporting forces at and about the compliance centre in the coordinate
frame fixed at the tip of the peg are given by

Fx = FN2 − FN1,
Fz = μ(FN1 + FN2)

and M = (h − μR′)FN1 + μR′FN2.

⎫⎪⎬
⎪⎭ (4.34)

The following is the applied force and moment by compliance centre:

Fx = −Kx(δ0 + U0 − U)
and M = Kx(L� − h)(δ0 + U0 − U) + Kθ (β0 + θ − θ0).

}
(4.35)

Boundary conditions of two-point contact when FN1 = 0

Fx = FN2,
Fz = μFN2

and M = μR′FN2.

⎫⎪⎬
⎪⎭ (4.36)

The path of the compliance centre in the boundary conditions of the two-point contact state is
expressed as follows using equations (4.31), (4.35) and (4.36):

θ = θ0 − β0 + Kx(h − μR′ − L�)(δ0 + L�β0)

KxL�(h − μR′) − KxL�
2 + Kθ

and U = U0 + δ0 − Kθ (L�β0 + δ0)

KxL�(h − μR′) − KxL�
2 + Kθ

.

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(4.37)

A quadratic equation can be generated by substituting equations (4.32) and (4.33) into equation
(4.37), which will be the roots of the equation for extraction depth3 h

αh2 + βh + γ = 0, (4.38)

where

α = A + KxLCB,

β = (E − KxL2
�)B − (μR′ + L�)A − (−2R′�)KxL�,

γ = (−2R′�)(KxL2
� − E),

A = Kx(δ0 + L�β0),

B = θ0 − β0

and E = Kθ − μR′KxL�.

So,

(A + KxL�B)h2 + ((E − KxL2
�)B − (μR′ + L�)A − (−2R′�)KxL�)h + (−2R′�)(KxL2

� − E) = 0.

The solutions of equation (4.38)

h2 = −β +
√

β2 − 4αγ

2α
, h′

2 = −β −
√

β2 − 4αγ

2α
. (4.39)

The geometrical constraints during one-point contact (θ ≈ 0)

U = L�θ − ε

ε = r′ − R′
and U = L�θ − r′ + R′.

⎫⎪⎬
⎪⎭ (4.40)

3The period of the equation’s roots (h2 and h′
2) is discussed in section 4a(iv).
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The path of the compliance centre during one-point contact by using equations (4.35) and (4.36)
and θ is obtained using equations (4.40) and U

U = δ0 + U0 − N2 + Kθ θ

Kx(h − μR′ − L�)

and θ = N2 − KxN1(h − μR′ − L�)
−KxL�(h − μR′ − L�) − Kθ

,

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(4.41)

where

N1 = δ0 + U0 − R′ + r′, N2 = Kθ (β0 − θ0). (4.42)

The reaction force and extraction force during the two-point contact can be obtained from
equation (4.34)

FN1 = −μR′

h
Fx + 1

h
M

FN2 = h − μR′

h
Fx + 1

h
M

and Fz = M
λR′ − μ

λ
(1 − λ)Fx; λ = h

2R′μ
.

⎫⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎭

(4.43)

Fx and M for two-point contact by using equations (4.31), (4.33) and (4.35)

Fx = −kx

(
δ0 + L�θ0 − L�(−2R′�)

h

)

and M = kxL�(δ0 + L�θ0 − hθ − 2R′�) − kxL�
2(−2R′�)

h
− kxhδ0 + kθ (β0 − θ0) + kθ (−2R′�)

h
.

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(4.44)

The extraction force in the one-point contact state is calculated by substituting equation (4.41)
into equation (4.36)

Fz = −μkθ (θ − θ0 + β0)
(h − μR′ − L�)

. (4.45)

(iv) Region of extraction depth

In equations (4.8), (4.23) and (4.38), h2 and h′
2

′
are the two roots representing the depth of

extraction (h). The parameters h2 and h′
2 represent the beginning and end of the two-point contact

region, respectively. If h′
2 < h0 the peg and hole would be in the two-point contact area at the start

of the disassembly process. If h0 < h′
2 < h2, the peg-hole is initially in one-point contact, and there

is at least one transformation between the one-point contact and two-point contact states. Two-
point contact cannot occur during disassembly if the equations have no solution. If h0 < h′

2 = h2,
the peg-hole has a two-point contact state at a certain depth point. The height and position
of the two-point contact region are influenced by many parameters, including the geometrical
parameters of the hole-peg system, the location of the compliance centre, initial position errors
and the degree of compliance.

(v) Jamming region

Jamming can be determined using equilibrium equations for rigid pegs [10]. Combining
equations (4.4), (4.19) or (4.34) reveals the linear relationship for a peg in two-point contact

M
hFZ

= h
2rμ

− FX

FZ

(
h
2r

− μ

)
(4.46)

and
FX

FZ
= ± 1

μ
. (4.47)
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M

FX
FZ

h

–1

–h

1

rFZ

2rμ

μ

μ

2rμ

Figure 10. Jamming diagrams for the dual-peg extraction problem based on contact forces [23].

Based on (4.46) and (4.47),
M

hFZ
= ±

(
h

2rμ
+ 1

)
. (4.48)

As illustrated in figure 10, equations (4.46) and (4.48) define the equilibrium instance (shown
by the outline of the parallelogram) where the pegs are extracted from the holes based on the
combination of FX, FZ and M. Jamming occurs when combinations of FX, FZ and M fall outside
the parallelogram, while successful extraction occurs when they fall within the parallelogram. As
h decreases, the peg is closer to the mouths of the hole, and the probability of jamming decreases
[11]. Jamming becomes less likely as the peg is extracted from the hole.

(b) Key factors and their effects
In the two-point contact state, the reaction forces applied to the pegs increase the risk of extraction
failure, especially at the mouth of the hole. Two-point contact also increases the extraction force
due to angular and lateral errors. This section identifies the most influential parameters for
reducing the two-point region and their effect on its location.

Parameters LC, δ0, Kx and kθ have been examined to demonstrate their impacts on the two-
point contact region. These investigations are discussed in the following sections.

(i) Location of compliance centre

A key design parameter is the placement of the compliance centre along the central axis of the
pegs. When a compliant manipulator grasps a peg, initial position errors between the manipulator
and the dual peg-hole system cause the peg to shift and rotate. Assuming that the dual peg-
hole is solid (figure 6b), the black figure shows the initial location of the peg before the initial
angular error. However, the initial lateral error causes the peg to displace and rotate around the
compliance centre (red figure). If the compliance centre is positioned far from the peg tip, the
peg rotates anticlockwise around it. In this case, the one-point contact state might change into
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Figure 11. Dependence of the two-point contact region on the location of the compliance centrewithδ0 = 2 mm,β0 = 0 rad,
Kθ = 4 N mm−1, Kθ = 30 Nmm rad−1. (a) Contact in one of the dual peg-holes, (b) External surfaces of pegs contact hole
surfaces, (c) Inner surfaces of pegs contact hole surfaces.

a two-point contact. If the compliance centre is positioned at the peg tip, it rotates clockwise
around it when grasped, resulting in one-point or line contact between the pegs and holes. These
characteristics can help minimize the two-point contact region during disassembly. Figure 11
shows the boundary conditions of the two-point contact region based on the equations of
extraction depth (h2 and h′

2). It is clear that when the compliance centre is near the tip of the peg,
the two-point contact area is significantly smaller. Additionally, as LC decreases, the two-point
contact region shifts to the hole mouth.

(ii) Initial position errors

The two-point contact region can be influenced by initial position errors, including lateral
and angular errors between the compliant manipulator and the peg-hole system. When the
compliance centre is located far from the tip, a large lateral δ0 error can cause the peg to rotate
anticlockwise significantly. If δ0 is large enough, the peg and hole will remain in two-point
contact during disassembly. If the compliance centre is at the tip, the peg rotates clockwise
during disassembly. From the two-point contact, the hole and peg transition to one-point contact
or line contact [12]. Figures 12–14 show the effects of the initial lateral error on the two-point
contact region for various compliance centre locations. The two-point contact region decreases as
the lateral error increases when the compliance centre is near the tip of the peg. Angle errors affect
the disassembly process both in magnitude and direction. When the compliance centre is far from
the peg tip and the initial angular error is opposite to the rotation of the peg, as shown in figure 15,
a two-point contact region can be reduced. Otherwise, the two-point contact region increases.
The effects of the initial angular error are similar when the compliance centre is at the tip of
the peg.
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Figure 12. The effect of the initial lateral error on the two-point contact region in one of the dual peg-holes: (a) LC = 0,
(b) LC = 25, (c) LC = 50 withβ0 = 0 rad, Kθ = 4 N mm−1, Kθ = 30 Nmm rad−1.
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Figure 13. The effect of initial lateral error on the two-point contact region in the contact of the inner surfaces of the pegs with
the holes: (a) LC = 0, (b) LC = 25, (c) LC = 50 withβ0 = 0 rad, Kθ = 4 N mm−1, Kθ = 30 Nmm rad−1.
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Figure 14. The effect of initial lateral error on the two-point contact region in the contact of the external surfaces of the pegs
with the holes: (a) LC = 0, (b) LC = 25, (c) LC = 50 withβ0 = 0 rad, Kθ = 4 N mm−1, Kθ = 30 Nmm rad−1.
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Figure 15. Dependence of the two-point contact region on the initial angular error: with LC = 50 mm, δ0 = 1 mm, rad,
Kx = 4 N mm−1 and Kθ = 30 Nmm rad−1. (a) Contact in one of the dual peg-holes, (b) external surfaces of pegs contact hole
surfaces, (c) inner surfaces of pegs contact hole surfaces.
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Figure 16. The effect of the two-point contact region in one of the dual peg-holes on the structural parameters:
(a) Kx =2 N mm−1, Kθ = 30 Nmm rad−1; (b) Kx = 6 N mm−1, Kθ = 30 Nmm rad−1; (c) Kx = 4 N mm−1,
Kθ = 15 Nmm rad−1; (d) Kx = 4 N mm−1, Kθ = 45 Nmm rad−1 with δ0 = 2 mm,β0 = 0 rad.
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Figure 17. The effect of the two-point contact region in the contact of the inner surfaces of the pegs with the
holes on the structural parameters: (a), Kx = 2 N mm−1, Kθ = 30 N mm rad−1; (b), Kx = 6 N mm−1, Kθ = 30 Nmm rad−1;
(c), Kx = 4 N mm−1, Kθ = 15 Nmm rad−1; (d), Kx = 4 N mm−1, Kθ = 45 Nmm rad−1 with δ0 = 2 mm,β0 = 0 rad.

(iii) Stiffness

A successful disassembly task depends on the location of the compliance centre on the peg
and the coupling stiffness element between the translational and rotational directions [6].
Compliant manipulators define lateral and angular compliance based on their rotational and
lateral stiffnesses. Figures 16–18a,b show that as the lateral stiffness and location of the centre
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Figure 18. The effect of the two-point contact region in the contact of the external surfaces of the pegs with the
holes on the structural parameters: (a), Kx = 2 N mm−1, Kθ = 30 Nmm rad−1; (b), Kx = 6 N mm−1, Kθ = 30 Nmm rad−1;
(c), Kx = 4 N mm−1, Kθ = 15 Nmm rad−1; (d), Kx = 4 N mm−1, Kθ = 45 Nmm rad−1 with δ0 = 2 mm,β0 = 0 rad.

Table 2. Parameters for dual peg-hole.

category parameter value

friction characteristics coefficient of friction μ= 0.01
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

geometrical parameters Pegs mass m= 0.6 kg
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Pegs radius r= 5.7, 6 and 6.5 mm
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Holes radius R= 6.1 mm
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Pegs length L= 50 mm
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

distance between two centres of pegs/holes D= 40 mm
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

clearance ratio � = 0.01639, 0.06557, 0.00819
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

initial position/angle depth h0 = 50 mm
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

angle θ0 = −0.9 rad
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

of compliance increase, the two-point contact region decreases. This is because increased lateral
stiffness causes the pegs to rotate less for similar positional errors, reducing the two-point contact
region.

The two-point contact region, on the other hand, increases with increasing angular stiffness
regardless of the location of the compliance centre (figures 16–18c,d). According to these figures,
stiffness does not significantly influence the two-point contact region.

5. Experiment
In this section, an experiment is performed with three samples with different radii to verify the
results of the above analysis. Dual peg-holes have the following geometric dimensions (table 2).
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robot arm

F/T sensor 

dual-hole

dual-peg

Figure 19. The experimental equipment.

(a) Experimental design
The experiment presented in this section uses a 6 d.f. KUKA LBR iiwa robot [29] and a
force/torque sensor (figure 19). The experimental video can be found at [30]. In this experiment,
the force and moment were sampled accordingly. The hole block was positioned on a table while
the peg was attached to the media flange of a robot arm.

The exclusion of a gripper in this setup facilitates the examination of the compliance centre’s
impact. It is noteworthy that established literature, including Zhang et al’s work [12], frequently
uses the approach of affixing the workpiece to the robot’s end effector.

The peg and hole were made of thermoplastic material. The experiment was repeated 18 times
for each sample, with six repetitions for each compliance centre location (LC = 50 mm, LC = 25 mm
and LC = 0 mm).

The tool centre point (TCP) was also created using active compliance. In this experiment, the
peg could rotate around the TCP without changing its position. To simulate the different locations
of the compliance centre, several TCPs were configured. Lateral and angular stiffness could also
be controlled [29].

(b) Experimental results
The experimental parameters are listed in table 2. Along the extraction direction, a stiffness of
Kx = 3 N mm−1 is set. A Savitzky–Golay filter was used to remove noise before plotting extraction
force measurements. Figure 20 shows the effects of the compliance centre location on extraction
forces with depth or three samples with different radii. The area of two-point contact increases
with increasing extraction force. It is evident that both in theory and practice, the contact states
significantly differ based on the position of the compliance centre. The blue curve shows that
when the compliance centre was far from the tip of the dual-peg, the two-point contact region
was the largest. The orange and green curves show narrower and lower peaks when LC decreases,
corresponding to a smaller two-point contact region.
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Figure 20. Extraction force curves based on compliance centre locations. (a) r= 5.7 mm, (b) r= 6 mm and (c) r= 6.5 mm.

6. Conclusion
This paper presents a geometric and static force analysis for the dual-peg extraction jamming
problem, considering all geometric variations. In a dual peg jamming problem, all 13 contact
states are identified.

The applied geometric and quasi-static force analysis approach proves effective in studying the
jamming phenomenon and exhibits potential for application to other assembly and disassembly
problems.

The incorporation of compliant manipulators offers the opportunity to establish geometric and
force/moment conditions for each contact state, underscoring the potential for developing more
precise and reliable robotic systems tailored for disassembly and remanufacturing tasks. In this
investigation, we delve into several factors, including the location of the compliance centre, initial
lateral and angular errors, and manipulator stiffness, to assess their influence on the area of the
two-point contact. Of particular note, our results emphasize the pivotal role played by the location
of the compliance centre.

Our theoretical exploration demonstrates striking similarities between the dual peg-hole
extraction process and its single peg-hole counterpart. This suggests that techniques developed
for single peg-hole scenarios, such as the compliance centre approach, can be viably applied to
the dual peg-hole case as well, providing an effective strategy.

To corroborate our theoretical findings, we conducted experiments. Our research confirms
that the application of appropriate compliance strategies, such as adjusting stiffness and the
remote centre of compliance, can significantly reduce disassembly forces. While it is true that
the jamming conditions differ between single and dual peg-holes, as illustrated in figure 12, with
13 contact states compared to the three contact states in a single peg-hole [12], the judicious use of
remote compliance strategies proves effective in mitigating disassembly forces in both scenarios.
The experimental outcomes align with the predictions of the theoretical model concerning the
disassembly of dual-peg-hole assemblies, further reinforcing the credibility and reliability of the
study’s findings.
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Appendix A

variable description formula state no

C clearance ratio C = (R − r)/R

D diameter of the hole (mm) camera
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fx lateral force (N) FX = −Kx
(
δ0 + L�θ0 − �DL�

h

)
5

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fx = −kx
(
δ0 − ε0 + LCθ0 + cD

2 − cDLC
h

)
10

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fx = −kx
(
δ0 + LCθ0 − LC (−2R′�)

h

)
9

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Ffr 1 friction force at contact point 1 (N)

Ffr 2 friction force at contact point 2 (N)

FN 1 reaction force at contact point 1 (N)

FN2 reaction force at contact point 2 (N)

Fz extraction force (N) Fz = M
λr − μ

λ
(1 − λ)Fx , λ = h

(2rμ). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fz one-point contact extraction force (N) Fz = μkθ (θ−θ0+β0)
(h−μr−LC ). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

h extraction depth (mm) h= (2R−2r cos θ )
sin θ

h0 initial depth of the peg in the hole (mm) h0 = (2R−2r cos θ0)
sin θ0

H height of each peg (mm)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Kx lateral stiffness of the compliant
manipulator (N mm−1)

Kz vertical stiffness of the compliant
manipulator (N mm−1)

Kθ rotational stiffness of the compliant
manipulator (N mm rad−1)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

L� location of the compliance centre (mm)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

M moment applied on the peg (Nmm)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

r radius of each peg (mm) camera

R radius of each hole (mm) R= D/2

2R′ distance between two holes (mm) Camera

2r′ distance between two pegs (mm) Camera
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

(Continued.)
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variable description state no
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

U0 initial distancebetween the compliance
centre and the hole axis (mm)

|Xhole − XC |

U distance between the compliance
centre and the hole axis (mm)

U = U0 + δ0 − Kθ (LCβ0+δ0)
Kx LC (h−μr)−Kx L2C+Kθ

5

U = U0 + δ0 − Kθ (LCβ0+δ0+cR−ε0)
Kx LC (h−μr)−Kx L2C+Kθ

10

U = U0 + δ0 − Kθ (LCβ0+δ0)
Kx LC (h−μR′)−Kx L2C+Kθ

9
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

β0 initial angular error (rad)

δ0 initial lateral error (mm)

ε distance between the selected peg tip
and the hole axis (mm)

ε0 initial distance between the selected
peg tip and the hole axis (mm)

ε0 = L� sin θ0 − U0

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

θ tilt of the peg (rad) θ = θ0 − β0 + Kx (h−μr−LC )(LCβ0+δ0)
Kx LC (h−μr)−Kx L2C+Kθ

5

θ = θ0 − β0 + Kx (h−μr−LC )(LCβ0+δ0+cR−ε0)
Kx LC (h−μr)−Kx L2C+Kθ

10

θ = θ0 − β0 + Kx (h−μR′−LC )(δ0+LCβ0)
Kx LC (h−μR′)−Kx LC 2+Kθ

9θ 0 initial tilt angle of the peg (rad)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

μ coefficient of friction
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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