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ARTICLE INFO ABSTRACT

Article history: This article introduces a parallel-guided compliant mechanism, which can achieve a high
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ness, but still retain high flexibility. The effect of layer jamming is augmented by this large

thickness due to the increased leverage of friction force. The beams in parallel-guided con-

Ilf?r/:\l/loerl(fémde(j figuration have higher vertical and torsional stability compared to a single beam setup. The
Compliant Mechanisms functionalities of the compliant mechanism have been validated experimentally: stiffness
Variable Stiffness is measured as a function of the applied vacuum pressure. This paper describes the design
Layer Jamming concept, FEA validation of the design concept, prototyping, experiment results, analytical

model, and analysis of vertical and torsional stability. The proposed concept of the compli-
ant mechanism provides a potential solution for design of variable stiffness robotic links
for addressing safety concerns in physical human robot interaction. The analytical model
for identifying critical design parameters for maximum stiffness-variation effect provides a
guideline for high stiffness-variation design on similar structures.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Compliant robots, robots that have inherent compliance, offer alternative solutions to numerous complex tasks that re-
quires a high degree of freedom. Compliant robots are typically constructed from materials such as textiles, elastomers, or
any other highly flexible materials. Due to the materials’ flexibility and theoretically infinite degree of freedom, compliant
robots can be extremely dexterous, and less likely to damage fragile payloads or injure humans [1,2]. Compliant robots can
also be less expensive, lighter weight, and easier to customize for different applications [3].

However, there are some limitations associated with their high compliance. One challenge with compliant robotics is
to obtain high positional accuracy. Their inherent flexibility makes it difficult to control the exact position of the robots
appendages. The theoretically infinite degree of freedom makes it a challenge for applying sensor setups such as encoders.
Additionally, compliant robots tend to have large deformation under external loads. This prevents compliant robots from
matching the load-carrying capabilities of traditional rigid counterparts.

Due to the performance limitations of compliant robots, interest has risen in exploring variable stiffness technologies.
Robots with control over their stiffness could potentially possess both the advantages of compliant robots and the high
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performance of rigid ones. A robot capable of varying its stiffness can become more rigid when higher positional accuracy or
load capabilities are needed, but can also become compliant to avoid injuring humans. For robots in assistive, rehabilitative,
and domestic roles, safety is a critical design concern. The safety issue must be addressed before robots can work closely
with humans.

Extensive studies have been conducted on variable stiffness technologies. Blanc et al. [4] classified controllable stiffness
mechanisms on the basis of change in intrinsic properties. The solution for the first main family is to change the second
moment of the area. The second main family’s solution is to change the material-related elastic properties, e.g. elastic mod-
ulus, either by utilizing tunable material properties (material-based solutions) or by controlling the structural interactions
(locking-based solutions). As an example of the solutions from the first family, She et al. [5] built a 1R robotic arm with
active stiffness control by altering the shape of the cross-section. This design allows for a change in stiffness by 3.6 times.
However, the actuation mechanism, including servo motors, linkages, and bearings adds complexity and introduces new
points of failure. Most of the latest solutions fall into the second family. Lower melting-point polymers and magnetorheo-
logical materials are two representative material-based solutions. The method using low melting point polymers can produce
a fairly high stiffness ratio ( > 25 times). Nonetheless, experiments suggest that this variable stiffness method is not durable
enough to handle high loads and impacts [6]. Magnetorheological material-based technology has been used to adjust the
spring constant of vibration absorbers in real time for better vibration isolation. However, at this time the technology is not
ideal for structural parts [7].

Increasing attention has been drawn to locking-based solutions. Methods that control the interactions of locking elements
are categorized as jamming solutions. Most jamming structures consist of a sealed volume, filled with locking elements,
usually either a granular, fiber, or sheet material. Friction force among the locking elements is related to the applied force
or pressure. The structure’s stiffness can be controlled as the result this tunable interaction. Granular jamming has been
studied and used to create robotic joints [8] and manipulators [9-13]. Fiber jamming has been studied in terms of fibers’
elastic properties, arrangement, geometrical features, and surface roughness [14]. However, these designs have relatively
low stiffness ratio. In contrast, layer jamming has shown potential for achieving high stiffness ratio. Layer jamming has
been used in applications requiring high strength, such as a stool which can support a persons weight [15]. Kim et al.
[16,17] developed a manipulator using layer jamming for minimally invasive surgery. The manipulator can assume a flexible
state for insertion without accidental injury and a stiff state for high positional accuracy. Langer et al. [18] proposed a
stiffening sheath for tendon-actuated continuum robots. The bending stiffness is improved by a factor up to 24. However, the
stiffness variation on the continuum robot arm negatively affects its load-carrying capability. Due to its circular cross-section
design, the compliance is also introduced in its loading direction causing stiffness variation coupled with its load-carrying
capability. A rapid stiffness change from high to low would cause undesirable deflection or even collapse under vertical load.
To address this issue, selective stiffening is studied on a sandwich-like stiffened structure which achieved the stiffness ratio
of 8 [19]. The latest studies and applications of layer jamming are focused more on finding new designs of backbone on
which jamming layers are attached, [20,21], or exploring appropriate medical application scenarios [22-24]. The early and
latest studies and applications of layer jamming lack discussion on design guidelines based on analytical models. Designing
for high stiffness ratio and quick response remains a challenge.

In this paper, we propose a compliant mechanism solution for achieving a large stiffness ratio with quick response and
high stability. The rest of paper is organized as the following. In Section 2, the conceptual design and hypotheses are in-
troduced. In Section 3, a quasi-static model is developed. Design parameters are identified. In Section 4, the design concept
is verified with a finite element analysis. In Section 5, sensitivity analysis based on the lumped-parameter model are con-
ducted to explore the effects of the identified design parameters. In Section 6, the experimental evaluation of the design
based on a prototype is introduced.

2. Motivations and design overview

Introducing compliance to robotic structures is a well-known method for addressing safety concerns in physical human-
robot-interactions. However, compliance could reduce the performance (positioning accuracy and control bandwidth etc.) of
the robot. Employing variable stiffness has been extensively studied for address the trade-off between these two competing
metric: performance and safety. An ideal variable stiffness solution should satisfy four main criteria: large stiffness ratio,
quick response, high stability and low design overhead (system complexity or extra weight). Here stiffness ratio is defined
as “the ratio of high stiffness over low stiffness”. The current variable stiffness solutions rarely satisfy all of these four
criteria.

In this work, we propose a novel parallel-guided compliant mechanism combined with pneumatic-actuated layer jam-
ming for stiffness varying. As shown in Fig. 1(a), the design features two flexible beams connected in parallel with one end
being clamped and the other end being free. Upon application of external load, the free end tends to move laterally with
the fixed end, Fig. 1(b). Each beam is formed by a series of small flexure hinges, sandwiched with 4-8 sheets of jamming
layer materials on both sides and sealed in an air-tight bag, Fig. 1(c). Our hypothesis is that (1) large stiffness ratio can be
achieved by combining layer jamming with flexible-backbone design, (2) high vertical and torsional stability can be achieved
by using the parallel-guided beam configuration.

The functioning of the design is described as the following. The sealed bag is connected to a vacuum pump via tubing.
When the air in the bag is vacuumed out, the air pressure applied to both sides of beams generates friction between layers,
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Fig. 1. Design Overview. Details of the proposed parallel-guided compliant mechanism. (a): An isometric view of the parallel-guided compliant mechanism
showing (1) push-to-connect vacuum inlet, (2) beam holder, (3) end block (4) flexible beam (b) The distal end moves laterally due to the parallel-guided
constraints. (c) Two sets of interleaved jamming layers are attached to the beam and encapsulated in the vacuum bag.
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Fig. 2. Schematic Illustration of Loading Phases. Phase I: Pre-slip phase. Phase II: Transition phase. Phase III: Slip phase.

hence preventing the beam from bending. As shown in the schematic diagram (Fig. 2), the mechanism undergoes three
basic phases upon application of external load applied the free-end. In Phase I (Pre-slip Phase), under low external load, the
initial stiffness remains constant. In Phase II (Transition Phase), the stiffness begins to decrease gradually under increased
external load. In Phase III (Slip Phase), the stiffness reaches a saturated value with even larger and increased external load.
The transitional external load, the load under which the stiffness starts to decrease from the initial linear stiffness, is related
to the applied vacuum pressure. Higher vacuum pressure leads to a larger transitional external load. The saturated stiffness,
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which is the final linear stiffness, is independent of the applied vacuum pressure as estimated from the slopes of the final
linear region. This is caused by the fully slip of the jamming layers. This behavior is also observed in jamming structures in
single-stack configuration [25,26].

This dual-beam configuration has several advantages over a single-beam setup. First, maximum stiffness is greater than
that of a single beam. This is not only due to the increased number of beams and friction layers, but also due to the end
constraints imposed on the deflecting end. Second, the dual-beam configuration has much higher vertical and torsional
stability compared to the single-beam configuration. Both beams are made with flexible material. The compliant backbone
serves two purposes: (1) to significantly increase the mechanism’s stiffness ratio since the backbone structure has a large
thickness leveraging resistance moment resulted from friction forces in jamming layers, (2) to restore the mechanism to
its undeflected shape upon releasing the vacuum pressure. Fig. 1(b) shows the interlocked arrangement of jamming layers.
The interlocked-layer configuration is tested to have better performance with respect to obtaining high stiffness ratio than
granular jamming and fish-scale-like configuration [19]. The top and bottom surfaces of the hourglass-shaped structures
provide “supporting surfaces” for jamming layers, yet have minimal negative impact on the lateral flexibility of the beam.
The beam bends under lateral load, which is exemplified by rotations of hourglass-shaped features. The rotation of each
hourglass-shaped feature can be resisted by the moment generated by the friction forces on its top and bottom surfaces. Two
stacks of layers, on the top and bottom surfaces respectively, are separated by a larger distance, d (illustrated in Fig. 1(c)),
compared to a single stack of layers. The leverage of friction forces are increased by this distance, d. Thus, jamming effect
is enhanced. The hourglass-shaped structures also act as stiffeners which leads to significantly higher vertical and torsional
stability. The size of the openings among the hourglass-shaped structures needs to be selected with close attention. The
range of motion can be limited by interference whenever the two structures are positioned too close together. On the other
end, if the hourglass-shaped structures are spaced too far apart, the unsupported portion of jamming layers tend to buckle
when the mechanism is under a lateral load, which would significantly decrease the mechanism’s lateral stiffness.

3. Mechanics and stiffness modeling

For the proposed design, the stiffness only varies in the lateral direction. The lateral tip deflection is expected to have
a nonlinear relationship with the lateral external load. Hence, the lateral stiffness corresponding to an instantaneous lateral
deflection, §, is defined as

dF,
k=—, 1
05 (1)
where F, is the external load, illustrated in Fig. 1(b). Subsequently, the stiffness ratio is
kh
= —, 2
nk kl ( )

where kj, and k; are the highest and lowest stiffness the prototype could achieve, respectively.

In Phase I, all of the jamming layers are pressed against the flat surfaces of hourglass-shaped structures under the applied
vacuum pressure. The jamming layers and beams are cohesive, behaving as a single beam. In Phase I, the parallel-guided
mechanism obtains maximum stiffness. In Phase II, slippage begins to occur between jamming layers. This is because the
local friction force, which restrains the rotation of the hourglass-shaped structures, exceeds the maximum friction force that
the jamming layers can produce. The slippage initially begins from the ends of the beam and propagates toward the center
under increased external load. In Phase III, the slippage propagates through out the center of the beam. The friction force
between layers can be modeled as dynamic friction since all of the layers are slipping. In this region, the stiffness reaches
its minimum and constant value.

It is imperative to develop a method to find the wavefront of the slippage propagation, or the slippage boundary, x. The
beam is modeled as a combination of discrete flexible and rigid sections. The geometric dimensions used in the analytical
modeling is shown in Fig. 3.

At the ith section, the moment generated by the local friction force

F /L .
where Fy, illustrated in Fig. 3(b), is the friction force exerted on the top and bottom surfaces of one hourglass-shaped struc-
ture by jamming layers. Fe, shown in Fig. 1(b), is the total external lateral force on the distal end of the mechanism. Then
the deflecting angle at the end of the ith flexible section can be expressed as
M;l
0= ——. 4

1 (El)e ( )
The parallel-guided compliant beam is proposed as a potential solution for impact reduction by using its large stiffness
ratio. During the imapact, the lateral deflection of the distal end of the beam is very small compared to its length. For this
design, we expect a deflection that is less than 20 mm on a prototype that has an length of 227 mm. The curvature of
each hourglass-shaped section is minimal. Therefore it is assumed that sin(6) = 6. Thenthe combined deflection of the ith
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Fig. 3. Lumped Parameter Model Setup and Schematic. (a) Geometric parameters on undeflected beam. (b) Geometric parameters on deflected beam.
(c) Mlustration on the definition of x. (d) Moment distribution along the beam length.

flexible and rigid sections is

i i-1
5,‘:9,‘(24-1') +L]z=1:(91) (5)

The total deflection of the whole beam is the summation of the deflections of all of the n sections.

n n i-1
l
5= 86=Y 01.(5 +6)+LY 0) ] (6o=0).
i=1 i=1 j=0
The jamming layers are stretched under the in-plane friction force. The strain in the layers is
Fy

‘= NEA, (6)
Strain at the surface of the beam is
ALi Qld
€p = L i (7)

The boundary between slipped layers and bonded layers needs to be determined,since different governing laws are ap-
plied to each region. When vacuum pressure is applied, layers are pressed against adjacent layers or surfaces. Under zero
external force, layers are treated in the way that all surfaces are bonded. When external load begins to increase, the beam
begins to bend with larger curvatures at both clamped ends,as shown in Fig. 3(c). The largest moment generated by the
local friction force is wPA;d. When the local moment caused by the external load exceeds this maximum value, the residual
moment has to be balanced by the bending of the beam, which is the reason that larger curvature is observed at both ends.
The region within which the moment caused by the external load is larger than or equal to the moment generated by the
local friction force is referred to as the “slip region”, the rest of the layer as “non-slip region”. With increasing external load,
the slip region tends to propagate toward the center of the beam. This is shown by the expanding length of the red curves
corresponding to increasing external load in Fig. 3(c). The boundary between the slip region and non-slip region is charac-
terized by x, which is the length measured along the beam length from one clamped end to this boundary. The value of x
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is obtained by matching the strain in the jamming layers and the strain on the surface of the beam. By enforcing ¢; = €,
the expression of x is

1 UPA; /1 1L; (ED.
=-L,-4 = == .
X=3o =% g (2d di; NE,AX> (8)
Combining the result, the expression of total deflection of the mechanism is
n 1F(L—x-)—Fd i~1
s (22T 4h, 4 13(9)) )
l; 2(EDe ' g !
where
JLPA, O<xi<y
T R ORI ()
Tpk, @, “N=7¢
2070 t Nga,

and
Eply + Eyl, + 2NE|], 0<x;<x
(EDe = L (11)
Eply + Ely +2N3El,  x <X < >
4. Validation with finite element simulations

To validate the design’s variable stiffness capability and its stability, an FEA model was built in ANSYS 19.2 Workbench.
Fig. 4(a) shows the FEA model setup. Since the stiffness of the hourglass-shaped sections is much higher than that of the
thin flexible sections, all of the hourglass-shaped sections are set to have rigid stiffness behavior. Shell elements are used
to model the flexible sections, jamming layers, and vacuum membranes. Mesh size is set to be 2 mm based on conver-
gence studies on stresses in flexible beams, jamming layers, and vacuum membranes. Frictional contact pairs are configured
between the backbone and the bottom jamming layer, between the jamming layers, and between the outermost jamming
layers and their corresponding vacuum membranes. A coefficient of friction of 0.167 is used based on experimental mea-
surement of the jamming layers. Augmented Lagrange is enabled for contact formulation. Relevant motion between layers is
visible in Fig. 4(b). The distribution of normal elastic strain on the bottom layer, which has direct contact with the backbone,
is illustrated in Fig. 4(c). Zero normal strain is observed in the middle span of the layer. Both normal strain and shear strain
are plotted on the path along the longitudinal direction in Fig. 4(d). Normal strain is relatively constant at the beginning of
the path, then decreased linearly along the longitudinal direction. Shear strain is minimal, compared to normal strain.

4.1. Stiffness Variation

The load-displacement curves under various vacuum pressures are plotted in Fig. 4(e). With 0 psi gauge vacuum pressure,
a linear load-deflection relationship is observed, indicating constant stiffness. Once vacuum is applied, three distinct phases
of stiffness-increase are observed.

The geometry and material properties are based on the actual prototype and listed in Table 1. The geometric-nonlinearity
and boundary-nonlinearity nature of the simulation incur high computational cost. In addition, the modeling complexity is
also high, due to the large amount of contact pairs. The two main drawbacks, when combined, make the FEA model in-
capable of predicting the behavior of the proposed design based on various design parameters. It is necessary to have a
lumped-parameter model that also uses actual geometric and physical parameters, but can significantly reduce the compu-
tational complexity.

4.2. Critical vertical buckling load

One of the concerns on compliant mechanism is the stability under vertical and torsional loads. The proposed parallel-
guided compliant mechanism is designed to significantly increase the stability under vertical and torsional loads, while
maintaining flexibility in the lateral direction. In this section, critical vertical buckling load (CVBL) is first discussed in three
configurations, including single uniform plate, dual uniform plates, and the proposed dual beams with hourglass-shaped
structures, as shown in Fig. 5(a). The effects of beam thickness and the distance between the dual beams are investigated.
Then the torsional stability is analyzed.

Compliant mechanisms can fail due to yielding or buckling. To determine the their weight-carrying capability, both fail-
ure modes need to be considered. Compared to rigid mechanisms, compliant mechanisms tend to have excessive deflection
under the same load. This is caused by the softer materials or redundant degrees of freedom that most compliant mecha-
nisms utilize. The excessive deflection leaves compliant mechanisms vulnerable to buckling. As shown in Fig. 5(a), an FEA
study is conducted on three configurations under a vertical end load. In both single and dual cases, the rectangular plate is



X. Zeng, C. Hurd and H.-J. Su et al./Mechanism and Machine Theory 148 (2020) 103791 7

Vacuum Membrane
Four Jamming Layers

(a)

Normal Elastic Strain

0.0021931 Max
E 0.0017955
0.0013978
' 0.0010002 Undeflected Shape

000060256 '

0.00020492 \ Path Start

-0.00019273

-0.00059037

-0.00098801

-0.0013856 Min

Path End

~ (©)
S
=g ’ B
=t — Normal Strain | 12.5 psi
'S 1 ~— Shear Strain ~~ £.40 10.0 psi
N 9
w .
005 § 30 7.5 psi
s 0 — =20 5.0 psi
Ros | E
ER g L ——————25psi
£ -l @ '
>-1.5 : ~ ~ = 0 0 psi

S @ S 0 4 8 12 16 20

Along Layer Length (mm) Tip Deflection (mm)
(d) (e

Fig. 4. FEA Model Setup and Results. (a) FEA configuration on the backbone, jamming layers and vacuum membranes. (b) Relative motion between layers
under external load. (¢) Normal elastic strain distribution. (d) Normal and shear elastic strain along the path. (e) Load-displacement curves corresponding

to various vacuum pressures.

straight and uniform. To resemble the proposed prototype, rigid sections are added to simulate the hourglass-shaped struc-
tures. The cross-section shown on the right of Fig. 5(a) is for the cases of “Single Uniform”, “Dual Uniform”, and the flexible
sections in “Dual w/ Stiffeners”. For the single-plate configuration, the CVBL can be estimated both analytically [27, p. 728]
and by FEA. Buckling modes presented in Fig. 5(b) suggest that the upper distal corner of the single plate where the load
is applied deflects sideways, resulting in a low CVBL (0.79 N). This occurs long before the material’s yield strength has been
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Table 1
Model constants

Symbol  Description Value

Key Design Parameters

N Number of frictional layers on each side 4

H Beam height 75 mm

d Beam thickness 10 mm

de Center beam thickness 0.8 mm
Material Parameters

E Modulus of layer material 2.6 GPa

Ep Modulus of beam material 4.0 GPa

E, Modulus of vacuum membrane material ~ 0.02 GPa

n Friction coefficient 0.1 67
Beam Dimensions

Ly Beam length 227 mm

1 Length of flxible part of one unit 7 mm

t Length of rigid part of one unit 3 mm

L Total length of one unit 10 mm

n Total number of unit sections 23
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Fig. 5. Studies on CVBL. (a): Three beam configurations: single uniform plate, dual uniform plates, and dual plates with stiffeners. (b): Buckling modes. (c):
Effect of beam thickness, d., on CVBL. (d): Effect of beam distance, b, on CVBL.

reached. The dual-plate configuration also fails due to buckling, but with a higher CVBL (4.70N). This is due to the guided
boundary condition on the distal end that contains the upper corner from deflecting excessively. With rigid sections added,
the CVBL is significantly increased to 54.3 N. This may be due to the deflection of flexible sections being restrained by the
adjacent rigid ones. On the prototype, this feature is realized by the hourglass-shaped structures. They act as stiffeners that
help to obtain high vertical stability, but retain high flexibility in the lateral direction.
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150

The effects of beam thickness, d, and beam distance, b, on CVBL are analyzed. Fig. 5(c) suggests that the vertical stability
can be significantly increased with a thicker center beam in all three cases. In the case of dual beams with stiffeners, the
CVBL is increased to about 800 N with a beam thickness variation of up to 2 mm. At this point, the maximum von Mises
stress reaches yield strength. If the beam thickness is further increased, the mechanism is expected to fail due to yielding. It
is worth noting here that larger beam thickness has a negative impact on stiffness ratio as previously shown in the design
studies herein. To explore the role that the beam distance, b, plays in the vertical stability, the distance is first varied from
75 mm down to 15 mm. With deceased distance, the dual beams will eventually merge into a single beam, thus reducing
the vertical stability. This is exemplified in Fig. 5(d), by the reduced CVBL with the beams approaching each other. Next,
the beam distance is increased from 75 mm to 300 mm. In this case, the vertical stability is not affected as effectively as
by decreasing the beam distance. The result indicates that vertical stability can be optimized with a well-selected beam
distance, b.

4.3. Torsional Stiffness

Any load carried by the end effector, if not precisely above the central axis of the mechanism, can cause rotation along
this axis. Compliant mechanisms tend to have lower torsional stiffness compared to rigid ones. Their ability to resist torque
thus needs to be considered.

As shown in Fig. 6(a), the same FEA model, with load changed to a torque along the longitudinal axis, is used to study the
mechanism’s torsional stability. It is worth noting that the end of the mechanism is free to translate along the longitudinal
direction on all three cases, i.e., the mechanism length could change under torsional load. Fig. 6(b) displays the deflection
diagrams of all three cases. The single uniform plate twists along its longitudinal axis. This is a typical case of pure torsion
on a bar with a rectangular cross-section. The torsional stiffness can be theoretically estimated [27, p. 401]. Both FEA and the
theoretical results of the torsional stiffness on the single uniform plate are presented in Fig. 6(c) by the red dotted curve and
black curve with triangular markers, respectively. The single uniform plate has low torsional stiffness due to small thickness
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(dc = 0.8 mm), low modulus of elasticity (E = 2.6 GPa), and the free-to-twist boundary condition. The dual uniform plates
exhibit a twist-and-bend combined deformation. The guided constraint prevents the beam’s cross-section from displacing
axially during twisting. This implicates that the dual-beam is under warping torsion, meaning that the applied torque is
carried by axial stresses in addition to shear stresses. With the stiffeners added, even more torque is carried by axial stresses
as exemplified by the inward-bending shape.

Similarly, the effects of beam thickness, d., and beam distance, b, on torsional stiffness have been studied. The re-
sults are presented in Fig. 6(c) and (d). As discussed above, the single plate has a very low torsional stiffness of Ky =
0.0013 N - m/deg. estimated by FEA, although it increases with the beam thickness, d.. Both dual uniform plates and dual
plates with stiffeners follow the same trend, but with significantly higher torsional stiffness. At d. = 0.8 mm, which is the
thickness of the center beam on the prototype, the torsional stiffness of dual uniform plates and dual plates with stiffeners
are K;, = 3.48N .- m/deg. and K;; = 5.68N - m/deg., respectively. The added stiffeners almost double the torsional stiffness.
If the designed vertical load, m;,,q = 5 kg, were to be placed entirely on one beam instead of placed above the central axis,
the twist angle of the mechanism would be calculated as

Oy = ioad)8(0-5D) _ ) 35 4 (12)
Kys
where g = 9.8 N/kg, b = 0.075 m, which is the beam distance. The twist angle can be neglected even for this extreme
scenario. Now while keeping the beam thickness constant at d. = 0.8 mm, the distance between the two beams is varied.
With the beams approaching each other, torsional stiffness decreases since the high torsional stability will eventually vanish
with the two beams merging into one. By the same token, the torsional stiffness increases with the beams moved further
apart.
This result demonstrates the advantage of parallel-guided configuration in obtaining high vertical and torsional stability.

5. Sensitivity analysis on key design parameters

Design parameters are identified in Table 1 and illustated in Fig. 3(a). The geometric design parameters include the
number of jamming layers N, the beam thickness d, the center beam thickness d., and the beam height H. The material
design parameters include the elastic modulus of the beam material E;, and the elastic modulus of the layer material E;. In
this section, the effects of these design parameters on stiffness ratio are studied.

The results of the sensitivity analysis are plotted in Fig. 7. The colored contours stand for stiffness ratio which is predicted
corresponding to the presented parameters. The cross indicates the parameters of the current design. The arrow points to
the direction in which a larger stiffness ratio could be achieved. From these plots, we can draw the following conclusions.

1. Higher modulus of layer material and lower modulus of the beam material lead to a greater stiffness ratio. This greater
stiffness ratio can be attributed to the greater high stiffness, which is the result of the higher modulus of layer material,
and the lesser low stiffness, which is the result of the lower modulus of the beam material. See Fig. 7(a).

2. Increasing the number of layers leads to higher stiffness ratio. This is caused by greater high stiffness. See Fig. 7(b).

3. The stiffness ratio would be almost doubled if the beam thickness were increased from 10mm to 20mm. The sensitivity
of stiffness ratio is high on beam thickness, which is the key design parameter of the proposed design. This positive
correlation is also due to the greater high stiffness obtained by larger beam thickness. See Fig. 7(c).

4. Both beam height and center beam thickness are negatively correlated to the stiffness ratio. Decreasing both beam height
and center beam thickness could lead to very great stiffness ratio; however this would cause greater maximum stress,
which may impact the load-carrying capability of the proposed design. Caution needs to be exercised when decreasing
the beam height and center beam thickness. See Fig. 7(d).

The number of jamming layers could be modified during the fabrication process before the vacuum membrane is sealed.
Beam thickness, height, and center beam thickness could be changed by prototyping a replacement beam with new dimen-
sions. The adjustment of material parameters would have to be through replacing the material. The elastic modulus of the
layer material could be changed by selecting a different sheet material.

6. Prototype and experimental testing
6.1. Fabrication process and prototype

The design aims to replace the robotic links on industrial robot that handles medium-duty tasks (5 kg payload) such as
UR5. The dimensions are determined in the way that the prototype can replace one of the rigid robotic links without major
revisions.

Fig. 8 shows the CAD model of the beam which is 3D-printed as a single part on Makerbot Z18 with polylactic acid
(PLA) filament. 3D-printing played a major role in accelerating design iterations, through which the final hourglass-shaped
features and the dimensions are obtained. However, the manufacture method of the beam is not limited to 3D-printing.
3D-printing is declared only to present the fabrication method we used. A discussion on the optimal (most cost-effective)
manufacturing method may be necessary if production manufacturing is needed. But it is out of the scope of this work.
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Fig. 7. Sensitivity study has been done on various geometric and material parameters, such as (a) moduli of friction layer material and beam material,
(b) number of layers and moduli ratio, (c) number of layers and beam height, and (d) beam height and center beam thickness. Design parameters are
identified in Table 1 and illustated in Fig. 3(a). The geometric design parameters include the number of jamming layers N, the beam thickness d, the center
beam thickness d., and the beam height H. The material design parameters include the elastic modulus of the beam material E;, and the elastic modulus

of the layer material E;.

(©)

Fig. 8. Details of the proposed parallel-guided compliant mechanism. (a): beam with hourglass-shaped features. (b): internal air channels that facilitate
quick air flows. (c): Exploded view of the end block components showing the embedded push-to-connect vacuum inlet.

For fast response, air needs to be removed from the vacuum bag quickly. As shown in Fig. 8(b), channels as an internal
feature of beams have been designed to facilitate fast air removal. The internal air channels are made during the 3D-printing,
with no extra fabrication process needed. The other measure for quick actuation is to use a high-flow-rate vacuum generator
rather than motor-based vacuum pumps. A push-to-connect inlet (Fig. 8(c)) connects both beams to the vacuum generator.

The fabrication process is shown in Fig. 9. Jamming layers are cut from 0.005 in. thickness (0.127mm) Dura-Lar film on a
laser-cut machine. Permanent adhesive is used to attach the jamming layers to the beams. The vacuum membrane is made
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(d)

Fig. 9. Fabrication process. (a) 3D printed parts are assembled to test fitting. (b) Jamming layers are bonded to ends of beams with permanent adhesive.
(c) Vacuum bag is made by heat sealing of polyurethane film. (d) Final assembly.

(E) V\V/:Va}{(v:uum Gnerato o

Fig. 10. Experiment Setup. The parallel-guided compliant mechanism (A) is fixed to the base (B) which is assembled using aluminum frames to ensure
a rigid base fixture. Force and deflection are collected using Mark-10 measurement gauge which incorporates a force sensor (C) and a deflection sensor
(D) The vacuum pressure which impacts the mechanism stiffness is generated and regulated by the vacuum generator (E) and monitored by the pressure
gauge (F).

from 10-mil polyurethane film. The polyurethane tube is cut and attached perpendicular to the film with vinyl cement,
HH-66. On the final assembly, T-slot nuts are used to secure the beams to the end blocks.

6.2. Stiffness measurement

The experiment setup is shown in Fig. 10. The mechanism is secured to the optical table. The force sensor (resolution:
0.05N) is placed against the distal end. The force sensor coupled with the displacement sensor (resolution: 0.01mm) collect
force versus deflection data, while the mechanism deflects from its initial position to a tip deflection of 20mm. Multiple
data collections are made from O psi (0 Pa) to 12.5 psi (86.2 kPa) with an increment of 2.5 psi (17.2 kPa).

The experimental data shown in Fig. 11 exhibit three loading phases, consistent with the FEA prediction. For non-zero
pressures, the lateral stiffness initially keeps constant at 6.05 N/mm (Phase I), then decreases (Phase II) to a lower value
(Phase III). In the case when vacuum pressure is not applied, the external load increases linearly with tip deflection pro-
ducing constant stiffness at 0.0803 N/mm. This is due to the layer material’'s low stiction characteristic that minimizes the
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Fig. 11. Comparison between the theoretical and experimental results of external load vs. tip deflection relationship.

jamming effect under zero pressure. If high stiction material such as sandpaper is used, adhesion occurs between layers
even if no vacuum pressure is applied. This gives a higher zero-pressure stiffness, which adversely impacts the stiffness
ratio. Load-deflection data are also collected in the unloading process. The mechanism tends to restore its initial position
due to the stored strain energy in the flexible backbone. At zero pressure, as the external force is gradually reduced, the
mechanism completely recovers its initial position. As discussed, this is mainly due to the low stiction of the selected layer
material. With vacuum pressure applied, the unloading curves exhibit typical hysteretic behavior, i.e., a residual distal de-
flection is observed. Higher vacuum pressure leads to a higher degree of hysteresis which is exemplified by larger residual
distal deflection.

Compared with the experimental data, the analytical model predicts Phase I and Phase III stiffness variations for non-zero
pressures and a constant stiffness under zero pressure. The analytical and experimental curves differ in two aspects. First,
the analytical curve exhibits a clear deflection point rather than a smooth transition phase (Phase II) on the experimental
curve. This might be caused by the analytical model’s assumption for simplification that the boundary between slip- and
non-slip regions applies to all of the layers. The boundaries may differ for different layers. Second, the experimental curves
show a zigzag pattern in Phase IIl. It is speculated that the zigzag pattern is related to the typical stick-slip motion when
two objects are in contact. A more sophisticated friction model is needed to more precisely simulate this behavior. Another
error may be introduced by the manufacturing method of the beam. 3D-printed materials do not behave like solid materials
since the material is fused-deposited layer by layer and has porous infill structures.

Simple state that 3D-printed materials do not behave like solid materials. That will contribute to the error between the
FEA and prototype testing results. Testing validation was restricted to 3D-printed materials but mechanisms manufactured
from solid materials should eliminate the error induced by 3D-printing. This should be discussed when discussing the results
from the test (like those shown in Fig. 11). The agreement is relatively good as is so no large discussion is needed so
the comments about optimizing printing settings is not needed, just a general statement that 3D-printing materials will
introduce some error.

The analytical model explicitly incorporates fundamental design parameters including geometrical dimensions, material
properties for both jamming layers and center beams, the number of jamming layers, the external load, and the applied
vacuum pressure.

At 0 psig vacuum pressure, the mechanism’s stiffness is defined as the base stiffness, which is used to calculate the
stiffness ratio. The base stiffness characterizes the flexibility of the center backbone. Then under various vacuum pressures,
the thin material that was attached to center beams is pressed, thereby generating a friction force that resists the beam
deflection. The stiffness increases as the applied vacuum pressure is increased. The stiffness ratio is calculated as the stiffness
corresponding to 12.5 psig divided by the base stiffness. The experiment on the prototype shows that a stiffness ratio by 75
times is achieved.

7. Conclusions

This study demonstrates, theoretically and experimentally, that layer jamming, combined with parallel-guided beams, is
an effective approach in varying stiffness of compliant mechanisms. The novelty of the proposed compliant mechanism is
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that each beam of the parallel-guided structure is a compliant backbone, combined with the layer jamming mechanism. The
compliant backbone serves two purposes: (1) to significantly increase the mechanism’s stiffness ratio due to the backbone
structure’s large thickness and (2) to restore the mechanism to its undeflected shape upon releasing the vacuum pressure.
Our experiments show that this design achieves an exceptional high stiffness ratio by 75, at a very high response speed.
However this is at the cost of reduced compactness. In addition to the novel design mentioned above, the main contribu-
tions of this work include: (1) an analytical kinetostatic model is developed to quantify structural stiffness in terms of design
parameters; (2) critical design parameters are identified for maximizing the effect of stiffness ratio, which provides a guide-
line for high stiffness ratio design on similar structures; (3) a comprehensive solution is proposed, including the internal air
channels and high-flow-rate vacuum generator, that significantly improves the response; (4) the stability of parallel-guided
configuration is analyzed.
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