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Abstract: Automated fiber placement (AFP) systems accommodate complex-shaped structures by
pressing fibers against the non-planar surfaces of mandrels, in which compaction mechanisms are
of crucial significance. A conventional compaction mechanism utilizes an independent actuator
with compacting rollers to conform surfaces. Compared with these mechanisms, underactuated
mechanisms can improve self-adjustability and functionality. This research introduces the concept
design and the analysis of a planar underactuated compaction mechanism for automated fiber
placement heads. Firstly, the requirements and design premise are determined. Then, a novel
planar underactuated compaction mechanism with a bistable structure is constructed based on
the metamorphic design theory. Secondly, the analytical models are established to give insight
into the motion characteristics of the mechanism. Moreover, the example and simulation results
are presented to verify the conceptual design. Furthermore, the standard deviation of the contact
force of the planar underactuated compaction mechanism is much lower than that of a conventional
compaction mechanism under equal conditions. Finally, the potential application of the underactuated
mechanisms is discussed. Thus, this research shows that the designed compaction mechanism
increases the adjustability, robustness, and high repeatability in positioning and can be used to
simplify the motion planning for AFP systems when producing complex structures.

Keywords: compaction roller; underactuated mechanical design; adjustable posture; configuration

1. Introduction

Advanced composite materials, composed of two or more substances, have been
widely used in aerospace, automotive, and infrastructure fields, offering a synergistic per-
formance [1]. Particularly, continuous carbon fiber reinforced composite shows enhanced
mechanical properties while remaining lightweight. This type of material provides a great
possibility for replacing traditional materials to some extent, such as steel, with advanced
performance, which promotes the composite manufacturing techniques for its quality [2].
Currently, AFP is one of major automation technologies for manufacturing composite
components [3,4]. An AFP machine includes a computer-controlled moving platform
with an AFP head that governs the delivery of each prepreg fiber strap from creels to a
mold. Since AFP heads are able to control the movement of each fiber slit, it fits better for
structures with high complexity-shaped surfaces which need to be produced consistently
and efficiently, such as engine blades and S-shaped inlets (as seen in Figure 1). During this
process, straps are dragged from creels and then fed through a delivery system into an
AFP head, where straps are arranged side-by-side and compacted onto a mold surface with
consistent compaction force and consolidation temperature by a compaction mechanism [5].
The compaction process influences the interlayer and/or intra-layer adhesion and defects,
and it has been proven that compaction mechanisms play a significant role in composite
material manufacturing [6,7].
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Figure 1. Schematic diagrams of (a) an engine blade and (b) an S-shaped inlet.

The early development of compaction mechanisms [8–10] consist of pneumatic cylin-
ders and a compaction roller composed of several separated compact segments. This kind
of mechanism has such weaknesses as slow response and low precision. In order to promote
the adaptability on a complex-curved mold, a series of compaction mechanisms with an
elastic layer [11–13] have been developed so that the elastic layer acts as a buffer against un-
expected collision. Another alternative attempt was proposed by adding a flexible element.
For example, Markus Steeg et al. [14] designed a compaction mechanism to compensate
for slight angular misalignment between the mold and roller. Chapman [15] directly used
a plurality spring connected with the compaction roller to conform sophisticated profiles
passively. An elastomeric bladder [16] was employed by Alliant Techsystems Inc to main-
tain the contact force of individual compaction segments. Hu [17] also demonstrated that a
series elastic actuator (SEA) can be used as a buffer to improve the stability of compression.
However, given the insufficient compaction of a single roller [18,19], further investigation
of compaction mechanisms utilizes multiple rollers [20–24] to enhance the compression in
the upper layer. Ingersoll Machine Tools [20] designed an auxiliary compaction mechanism
to realize a post-pressing process and improve tackiness. A separate deposition system
composed of two compaction rollers [24] was invented, and it can compact fiber bands in
two directions continuously. The main drawback is that multiple rollers are only suitable
for laminates instead of complicated structures. Despite the progress having been made
to improve the compaction quality, the conventional compaction mechanisms still hardly
provide consistent force and performance in a complex environment. Alternatively, under-
actuated mechanisms removing the degree of freedom (DOF) can improve the robustness
and self-adaptability. As a response to the perturbation, the mechanical configuration is pas-
sively regulated, and a new stable position will be given. This method is extensively used
in the design of grippers/graspers, such as the tendon-driven robogami gripper [25], UACT
robotic figure [26], chopstick-type gripper [27], SRI hand [28], and others seen in [29]. This
type of underactuated mechanism has the capability to combine the advantages of a single
roller and multiple rollers to fulfill all kinds of mold surfaces. However, underactuated
mechanisms have advantages for self-adjustability with poor robustness. Many practical
control approaches have been considered to maintain its stability in the presence of abrupt
changes [30,31]. In this study, we introduce bistable structures so that the mechanism has
flexible working states that can adapt to different types of mold surfaces. It is interesting
to implement the concept and enlighten our minds about the behavior of the mechanism
when it compacts a fiber band on a predetermined mold surface with unexpected waves.
In this study, we proposed an underactuated mechanism for compaction devices. Using the
metamorphic design theory and bistable structures, stiff and compliant states are made for
a horizontal plane and curved surface with only a single actuator. The outline of the paper
is organized as follows. In Section 2, the requirement analysis and execution process of the
designed mechanism are proposed. The kinematic models and validation are established
in Section 3. In Section 4, the simulation and the analytical results are also presented.
Following the simulation and results, a thorough discussion of the performance is provided
in Section 6.
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2. Methods
2.1. Premise and Conceptual Design
2.1.1. Design Premise

The stability of the force is defined as the capability of the system to conform to a mold
surface. We use the standard deviation of contact force between a compaction roller and
a mold to describe the response to disturbance and the self-adaptivity of the mechanism.
Equation (1) is as follows:

s2 =
n

∑
i=1

(Fi − F)2

n− 1
(1)

where Fi is the contact force between the primary roller and a mold in Newtons, and F is the
average value of the contact force in Newtons. In order to simplify the design and analytical
modelling, the basic premise and assumptions are made; n represents the acquisition times
of contact force during the entire compaction process.

• All masses and inertia of the links and parts are negligible;
• The flexible element only deforms in an elastic range along the link;
• The frame of the design is fixed with an AFP head, and the actuation force Fa is applied

to the center of the part in the direction aligned to the mechanism frame (shown as
link T in Figure 2).
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2.1.2. Requirements

Function analysis of an underactuated compaction mechanism is carried out to clarify
the requirements of the device. Firstly, compared with traditional automated tape laying
(ATL) systems, AFP heads not only can efficiently place fiber bands onto a flat surface but
are more compatible with complex profiles (as shown in Figure 3). The specific function is
given as follows: compact for flat surfaces, and passively adjust the posture of a compaction
roller for complex surfaces. As a result, there should be greater flexibility for the compaction
device of an AFP head concerning complex geometrical profiles. Once a flat surface has
been produced, the compliance should reduce and remain unchanged until compacting a
curved surface. Herein, the compaction mechanism should be separated into two states,
namely the compliant state and the stiff state. The transformation between two states can
be obtained by the actuation. Furthermore, it is worth noting that adjusting the posture
of a compaction roller should not influence the force acting on the compaction segments.
Otherwise, the static force equilibrium and reconfiguration of the mechanism will be
changed. Additionally, a single-driven mechanism is considered to implement the motion
of surface lamination and stiffness adjustment.
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2.2. Final Concept

With the intention of generating a conceptual design, we investigated underactuated
mechanism design to understand the working principle of configuration adaptation. As
a means of adjusting stiffness, variable kinematic joints are designed using geometric
limits and/or constrained forces [32]. This type of joint is essential to achieving the
expected movement for metamorphic mechanisms. Special focus is given to the compaction
movement and limited space, so that linear actuation, such as a linear motor and pneumatic
cylinder, is selected. The basic schematic solutions are formed by the above findings
and then redesigned for an underactuated compaction mechanism with an implemented
adjustable posture, as shown in Figure 2.

For the interpretation of Figure 2, the basic framework is a linkage underactuated
mechanism, and another metamorphic mechanism is merged to change the compliance
of the compaction mechanism. As expected, a single driver is adopted to implement the
action of compaction and to change the compliance of the mechanism. This is conducted
by allocating the actuation force to part (HAI) through a bistable structure (NLMP).

In Figure 2a, two compaction segments, namely an auxiliary roller and a primary
roller, are designed for the compaction mechanism. This concept is similar to the design
of the planar-compliant grasper in Ref. [29]. These two segments are connected with part
(HAI) at one end, and with the prismatic joint in D and E at the other end. The two stable
positions of the bistable structure correspond to the stiff state and compliant state of the
compaction mechanism. The compliant state represents that the posture of each compaction
segment can adaptively realize fast regulation against any curvature changes in the mold
surface. The stiff state implies that the postures of the compaction segments remain, which
is suitable for laminate structures with high repeatability. Only when the actuation force
exceeds a specific threshold can the stiffness of the mechanism change from compliant to
stiff. The principle of conforming curved surfaces of the compaction mechanism is based
on the rotation and translation of the linkages of the segments (CF and BG). The linkages
rotate corresponding to the exact movement of these two segments and the stiffness of the
spring (DF and EG). Both linkages are related to part (HAI), therefore, the conformity of
the compaction mechanism will be affected by the spring stiffness.

To achieve the stiffness transformation, the symmetrical bistable structure is designed
to be attached to the translational joint S of the compaction mechanism. The bistable
structure includes a translational joint T and six rotational joints. In the compliant state,
the rotational degree of freedom (DOF) in joints L and M is restricted by a geometric limit
and a preloaded spring NP, which is at a stable position, as shown in Figure 1a. The
actuation force is at translational joint T following the axis TA. The transformation occurs
as the actuation force exceeds a certain threshold and the restraint of joints L and M will
be gradually released. Consequently, the type of the variable kinematic joints J and K is
changed from a rotational pair to fixed pair. When combined with the force of spring NP,
the bistable structure is at a second stable position, as shown in Figure 2b.



Aerospace 2022, 9, 586 5 of 13

Specifically, due to the preloaded spring and geometric limit, the actuation force at
translational joint T is transmitted into joint A through the bistable structure (Figure 2a).
Thus, part HAI can passively rotate and allocate the actuation force between two com-
paction segments. This allows the mechanism to compact a mold surface to a certain extent.
Furthermore, the connection between the bistable structure and the underactuated mecha-
nism can rotate following the movement of part HAI. In Figure 2b, the angles between parts
JH–JN and IK–KP are at a minimum. The applied force at translational joint T is directly
delivered to joints H and I. In other words, the freedom of the closed chain IHJNTPK is
zero. As a result, symmetrical forces are applied to joints H and I to keep the compaction
segments in a stable position, which can be regarded as a stiff state

Following the concept, Figure 4 describes the lamination process of the compaction
mechanism. It illustrates how the mechanism places fiber tape onto a surface in its compli-
ant and stiff state. The mechanism is on a compliant surface for curved surfaces (shown
in Figure 4a–d). At first, the actuation force is exerted on translation joint T, and the roller
segments compact a flat surface (Figure 4a,b). After compacting a curved surface, the
contact force of one of the rollers changes and the link BAC rotates around point A to adjust
the curved surface passively (Figure 4c,d) rather than by changing the posture of the AFP
heads. When the stiffness of the mechanism changes, the actuation force should be larger
than the threshold value given by a preload spring and the bistable structure (Figure 4e,f).
The position of the primary and auxiliary rollers relative to the AFP head is fixed. In this
state, fiber straps can be compressed onto a plane with high efficiency and quality. The
mechanism is kept in the stiff state until the actuation force exceeds the spring force and
switches to the compliant state. This brings the compaction mechanism return to its initial
configuration, as shown in Figure 4a.
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Figure 4. Conforming movement of the compaction mechanism in which (a–d) describe how the
mechanism conforms to an arbitrary surface passively in compliant state, while (e,f) describe the
transformation from compliant state to stiff state for sheet manufacturing.

3. Analytical Model

In this section, analytical models are established and simulated in MATLAB. The
analytical models give insight into the behavior of the compaction mechanism when the
compaction roller compresses fiber straps into a mold surface along a predetermined path.
In the compliant state, the part BAC rotates and both compaction segments maintain
compression of the mold surface. In the stiff state, the part BAC can no longer rotate and
stay in a symmetrical position. In particular, the bistable structure and geometric limits do
not allow the part BAC to rotate and, instead, the part BAC translates in the axial direction.
As a result, the attitude of compaction segments is fixed.

The modelling and resolving processes are introduced and detailed. The geometric
equation of each part is built representing the configuration of the mechanism and the
posture. Combined with the force balance equation, the contact forces of the segments can
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be calculated based on the geometric relationship of molds in both compliant and stiff states.
Thus, the geometric relationship and force distribution are determined for a given roller
displacement. The stiffness transformation process is also modelled, and the threshold
value of actuation force is given. In order to verify the analytical model in MATLAB, we
also conducted a similar experiment in ADAMS.

The geometric equations and static force analysis are discussed as follows.

3.1. Compaction Mechanism Geometry Equation

The original point of the coordinate system XOY is coincident with the center of DE.
Basically, in the stiff state, these two compaction segments can place fiber tapes on a flat
plane, and the geometric relationship of each part’s length and roller radius can be obtained
in Equation (2). In the compliant state, the part BAC rotates around A to adjust a curved
surface, so that two ways of the compaction rollers making contact with the mold are
considered. Figure 5 shows these two ways. In both cases, the relation of angles and
positions for the compaction segments (FC and BG) can be described in the following
Equation (2), and the exact length of each part can be calculated in Equation (3) through (7):

l2 − l1
R1 − R2

= sin θ4 (2)

where θ4 is the degree between the part (BC) and (CF) in rads at the initial state of the
compaction mechanism and, in this case, θ2 = θ3 = θ4 = θ5; R1 and R2 represent the radius
of the primary roller and the auxiliary roller, respectively; li represents the length of each
part i in millimeters (Figure 5).
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Figure 5. Schematic diagram of compaction segments conforming arbitrary surfaces with different
longitudinal displacements, illustrating the lifting angles θ1 to θ5, link lengths l0, l1, l2, and l3, longi-
tudinal displacement h1 and h2 and other geometric information; (a) and (b) show the compacting
process corresponding to Figure 4d,c, respectively.

The geometric information of the underactuated mechanism and length of each part
can be calculated in Equation (3) through (7), as follows:(

lDF cos θ3 + l0
h1

)
=

(
l2 cos θ3 − l1 cos θ1

l2(h0+l1 sin θ1)√
(l1 cos θ1+l0)

2+(h0+l1 sin θ1)
2 − h0 − l1 sin θ1

)
(3)
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(
lEG cos θ2 + l0

h2

)
=

(
l3 cos θ2 − l1 cos θ1

l3(h0−l1 sin θ1)√
(l1 cos θ1+l0)

2+(h0−l1 sin θ1)
2 − h0 + l1 sin θ1

)
(4)

{
θ4 = θ3 − θ1
θ5 = θ2 + θ1

(5)

with the following:

θ2 = arcsin
h2 + h0 − l1 sin θ1

l3
(6)

θ3 = arcsin
h1 + h0 + l1 sin θ1

l2
(7)

3.2. Contact Force

In the compliant state, the actuation force of the compaction mechanism is applied to
the translational joint in point A. Through the parts (BAC, BG, and CF), the actuation force
leads to the contact forces Ff and FG. The contact forces are related to the lifting angle and
displacement of part BAC. Figure 6a shows the adjustment of the compaction mechanism
and the force distribution. Based on the geometric analysis, the relation of the actuation
force Fa and the contact forces can be expressed in Equation (8) through (11), as follows:

Ff =
Fa

cos β− l2 cos(θ3−β) cos θ3
lCD

+
sin β− (l2 cos(θ3−β)) sin θ3

lCD

sin α− (l3 cos(θ2−α)) sin θ2
lBE

(
cos α− l3 cos(θ2−α) cos θ2

lBE

) (8)

FG =
Ff

[
sin β− (l2 cos(θ3−β))

lCD
sin θ3

]
sin α− (l3 cos(θ2−α)) sin θ2

lBE

(9)

with the following:

lCD =
(h0 − l1 sin θ1)

sin θ3
(10)

lBE =
(h0 + l1 sin θ1)

sin θ2
(11)

where α and β represent the angles between tangent vectors of the contour and horizontal
direction.
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The effect of the bistable structure and transformation process are illustrated in Figure 7.
It shows the bistable structure will be triggered if the actuation force exceeds the threshold
value given by a linear spring. The relationship of the actuation force Fa with respect to the
spring force Fs can be expressed in Equations (12) and (13) as follows, so that the threshold
value of the actuation force is obtained:

FslNL cos γ cos δ

cos δ(lNL sin γ + lLS) + sin δlNL cos γ
= Fa (12)

with the following:

δ = arcsin
lNL sin γ + lLS − lQT

lQN
(13)
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Figure 7. Schematic diagram of compliant bistable structure in different positions: (a) a static
equilibrium position; (b) an unstable position; (c) another static equilibrium position.

In the case of the compaction mechanism in the stiff state, as shown in Figure 6b, it
indicates that parts JH and JN, and IK and BK, are bounded by a mechanical stop and
the spring force. As a result, the two compaction segments (BG and CF) are distributed
symmetrically. Using the expressions Ff and FG in Equations (8) and (9), the contact force
in the stiff state can then be calculated according to Equations (14) and (15). Thus, the
motion characteristics and response behavior of the underactuated compaction mechanism
are acquired.

Ff =
FalCD

2
(

lCD − l2(cos θ3)
2
) (14)

FG =
FalBE

2
(

lBE − l3(cos θ2)
2
) (15)

3.3. Dimensional Design of the Concept

Based on the above analytical models, the specific dimension of the compaction
mechanism is designed as follows. The lengths of the compaction segments and rollers
are firstly determined. The dimensions of the bistable structure and spring are then fixed.
The threshold value set for actuation force is designed based on the range of contact force.
Finally, considering the workspace of the underactuated mechanism, the links’ dimensions
between the bistable structure and the underactuated mechanism (BCDE) are determined.

Given a mold curvature with a 10 mm height difference and a minimum radius
of 40 mm to be adjusted for two compaction rollers, the total length of the compaction
segments and rollers is determined. As for the underactuated mechanism, the specific
parameters are determined by minimizing the angle between the direction of contact
force and compaction segments with the following conditions. Herein, l2 = 292 mm,
l3 = 300.8 mm, R1 = 40 mm, R2= 32 mm, l0 = 28 mm, and l1 = 60 mm.

The rest values we used for the compaction mechanism are listed in Table 1. Their
value was obtained by maximizing the axial pull-out force, under the following conditions.
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• Contact forces must be required to be positive and to apply between the compaction
roller and mold surface;

• Unstable compaction behavior and singular configuration are avoided by obtaining a
consistent force perpendicular to the contoured surfaces;

• Clashing or overlapping among the components must be avoided.

Table 1. Optimized dimensions of the compaction mechanism.

Parameter Value

l0 28 mm
l1 60 mm
l2 300.8 mm
l3 292 mm

lJH 50 mm
lJN 75 mm
lQN 26 mm
lLN 16 mm
lQR 40 mm
γ 1.396 rad
R1 40 mm
R2 32 mm

3.4. Experiments Analysis

A mechanical model of the final design is established and illustrated in Figure 8. These
components are connected by using axles with a radius of 5 mm. Bearings and guide rails
are used to realize the translational joint T. The ground links are rigidly conjoined with the
AFP head. The bi-stable structure is designed to have a maximum contact force of 180 N as
an example. By connecting a pneumatic cylinder via the part QR to the translational joints,
a constant actuation force can be obtained, which is not shown in Figure 8.
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Figure 8. Prototype of the planar underactuated compaction mechanism with (a) the compliant state
and (b) the stiff state.

Figure 9a manifests that experiment A. The compaction mechanism passed through a
curved surface with a radius of 40 mm at a constant speed along the x-axis in the compliant
state. The actuation force of the pneumatic cylinder was 160 N. The contact forces of both
rollers are determined when two rollers contact the mold surface and create the input forces.
We also conducted experiment B, where the compaction mechanism passed through a flat
surface at a constant speed in the stiff state. The actuation force of the pneumatic cylinder
remained constant.
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Figure 9. Results comparison. Here, (a) shows the schematic diagram of the mold’s geometric
information for experiment A; (b) shows the MATLAB results in and the ADAMS results in the
compliant state; (c) shows the MATLAB results in and the ADAMS results in the stiff state; (d) shows
the schematic diagram of the mold’s geometric information for experiment C; (e,f) show the results
for the force of experiments for different curved surfaces in ADAMS.

With experiment C, the mold surfaces with different radii and arch heights were
established, and the actuation force Fa was applied to compact the link T. After that, the
compaction mechanism in the compliant state moved along the x-axis at a constant velocity
through curved surfaces (as shown in Figure 9d). In order to demonstrate the advantage
of the underactuated compaction mechanism, the conventional compaction mechanism
designed in the Ref. [33] experiment was built and compacted on the same curved surface
with a radius of 50 mm and 150 mm as experiment D. Experiments A and B are conducted
in ADAMS and MATLAB to validate the analytical models. Experiments C and D are
conducted in ADAMS to compare the performance between the conventional mechanism
and the conceptual design. In both experiments, the mechanism was moved step by step,
and the resulting forces for each roller position were measured.

4. Results

The results of the analytical models in MATLAB, the simulation in ADAMS, and the
errors for the two methods are illustrated in Figure 9b. It shows the resultant contact force
on the primary roller in the compliant state. As shown in the dotted line in Figure 9b, the
contact force held steady at 104 N, except for the collision at the beginning and when the
curvature changes. As a result, the error for the two methods is less than 12 N, shown as
the blue solid line in Figure 9b.

Figure 9c presents the resultant forces on two compaction rollers in MATLAB and
ADAMS, as well as errors for the two methods. The graph of the stiff state in ADAMS
starts at the origin. Generally, the contact forces on the primary and auxiliary rollers remain
at 100 N and 98 N, respectively. Nevertheless, there is a slight fluctuation during the
compaction process, which might be influenced by the contact properties of the rollers and
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molds. A similar tendency also can be found in the analytical model. As a result, the error
for these two methods is less than 1.5 N.

Figure 9e shows the contact force between the primary roller and the mold with
different radii and arch heights in the ADAMS model. For both curvatures, a fluctuation
within 22 N can be observed. Meanwhile, the standard deviations of contact forces are 25.7
when the mechanism compacted the mold with an arch height h of 5 mm, and the rest are
7.8. In the case that the AFP head did not actively change the posture for the surface, the
curvature radius is smaller, and then the force fluctuation is more prominent. It could be
the fact that the force fluctuation is mostly influenced by the difference between the two
rollers’ displacement on the y-axis. This also results in configuration changes.

Figure 9f shows the resulting forces between the compaction roller and the mold in
experiment D in which the traditional compaction is composed of a pneumatic cylinder
and compact segment. The actuation force was 100 N. A large fluctuation for both cases
can be observed once the difference between the two rollers’ displacement in the y-axis
changes. This phenomenon is more obvious in the case of that arch height h of 8 mm, as
shown in the dotted line, and the standard deviation of the contact force is 384.3. As a
result, the standard deviations of contact forces are 25.7 when the mechanism compacted
the mold with an arch height h of 5 mm.

5. Discussion

The resultant forces obtained from the simulation and the corresponding errors shown
in Figure 9b,c show that the simulation does resemble the behavior of the analytical model
well. Herein, this paper declares that the analytical models are verified. The anomalous
amplitude of contact force in the results of experiment A shows that the configuration
and force distribution is strongly influenced by the collision and vibration. Comparing
the standard deviation of contact force in Experiments C and D, the benefits of the under-
actuated mechanism can be seen. The fluctuation in Figure 9f is more apparent than in
Figure 9e. Especially compared with conventional mechanisms, the standard deviation of
contact force within the underactuated mechanism is significantly reduced. This concept
allows for greater flexibility and better responsiveness to a sophisticated surface. There is
still a small collision and vibration present, as indicated by the tendency of the results. It
can be expected that the robustness of the compaction mechanism could be improved by
optimizing the dimensional design.

The concept of using available DOF, as shown in this article, is capable of changing
the posture and configuration in two states separately. This is carried out to ensure the
manufacturing stability of laminates and complicated structures rather than adding an
actuator. Literally, according to the curvature changes in the mold surface, the compaction
mechanism can regulate the configuration and state. It is designed with the help of a
bi-stable structure, in such a way that the two stable positions correspond to the two states.
When the actuation force is less than the threshold value, it is possible to self-adaptively
adjust the posture of compaction segments within the workspace. The preload of the spring
can be changed to regulate the threshold value of the bistable structure from a compliant
and stiff state.

An advantage of an underactuated compaction mechanism compared to a traditional
compaction mechanism would be that AFP manipulation motion planning could be greatly
simplified but with accurate force control accuracy, so as to improve productivity. Further-
more, each laminated layer would be compacted twice to avoid defects, such as porosity,
cracks, and non-homogeneous hardness. Meanwhile, the exact configuration of the mecha-
nism is unidentified before the compaction segments make contact with the mold surface.
The symmetrical structure of the mechanism only has a reference, and two segments have
the freedom to be able to adjust the curved surface slightly. The specific arrangement of
such a mechanism in which the roller’s movement is effectively limited.
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6. Conclusions

This article proposed the first thorough investigation of underactuated compliant
compaction mechanisms which are able to adjust complex-shaped surfaces passively. The
concept and design procedure, as well as the modelling analysis of the underactuated
compaction mechanism, are discussed. Due to the combination of a bi-stable structure,
the compliant state and stiff state can be used for different types of mold surface. The
mechanism in the compliant state has relatively high compliance and the part BAC is
allowed to rotate with respect to a mold surface instead of regulating the mechanism’s
posture actively. Additionally, a transformation between two states occurs when the
actuation force on the translational joint T exceeds a specific value given by the bi-stable
structure. Therefore, the combination retains the advantages of underactuated mechanisms
and bi-stable structures while eliminating their defects instead of increasing the number of
actuators.

Ideally, this research can be used to simplify motion planning of AFP systems when
conforming complicated mold surfaces with fewer defects, such as gaps/overlaps or wrin-
kles. The analytical results were verified by the experiments in ADAMS. It is also interesting
to note that the standard deviations of the underactuated mechanism are 25.5 and 7.8 which
is smaller than the standard deviation of the traditional compaction mechanism. The results
show that the underactuated compaction mechanism with self-adaptive capabilities has
excellent potential to conform to sophisticated profiles. More comprehensive experiments
will be conducted, including dimensional optimization and dynamic performance analysis,
since these parameters and properties are more sensitive, so that the realization of the
underactuated compaction mechanism can be reached.
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