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1. Introduction

1.1 Motivation

An overarching goal for exoskeleton and robot locomotion systems is to maximize
the overall efficiency of the system by reducing mass, parts, and, as a result,
manufacturing and assembly labor. The design and analysis to reach this desired
goal becomes convoluted when trying to match the motion of complex human joints
and the energy storage potential within muscle tissue during walking and running.
Generally such systems will consist of a series of rigid members (“bones”)
connected by single degree-of-freedom (DOF) metal hinges (“joints”) to produce
the desired load-transfer pathway and appendage motion. These rigid members
generally consist of lightweight metals such as aluminum or titanium or carbon-
fiber composites that are as stiff and lightweight as possible to minimize the power
and energy required to move them. To match the motion of the complexity of
human joints, such as the shoulder or knee, often multiple 1-DOF metal hinges are
used in series. These metal hinges can add significant bulk and mass to the
exoskeleton or robot, and the interface between metal hinges and composite
materials can be a point of failure. Misalignment of exoskeleton hinges’ discrete
center of rotation with the human joint’s complex and mobile center of rotation can
cause discomfort for the wearer and reduce effectiveness of the device. In robot
appendages, where the need to store and release energy during locomotion is
required, springs or motors are often mounted in parallel across 1-DOF hinges. The
spring stiffness must be tailored to the robot’s mass and gait.!* While motors and
control algorithms are often tuned to provide varied effective actuator stiffness, it
may be more efficient for the stiffness of the appendage or spring element to be
designed for the robot’s desired mass or gait.>

Composites with variable in-plane stiffness have the potential for tailorable hinge
behavior in multiple rotation axes by specifying ply and fiber orientation.
Composite hinges for exoskeletons could have broad curvatures, potentially
alleviating functionality issues that arise from misalignment of human joints with
metal hinges that have point centers of rotation. Such composite structures could
provide a restorative or resistive force, eliminating the need for an external spring
across a simple hinge, which could also reduce weight and improve efficiency of
motion in mobile robotics.



1.2 Prior Work

The need for lightweight, foldable, deployable materials for outer-space structures
spurred significant early work on high-deformation composites. Initial structures
were rolls of fiber composites that unfurled to become long tubes, similar to the
behavior of a steel tape measure.> The entirety of these materials had one matrix
material that did not vary along the length and were designed to deploy once.
Dual-matrix composite materials for foldable structures have become a research
area of interest in much more recent years.

Sergio Pellegrino’s group at the California Institute of Technology has performed
extensive research on high-deformation composite materials for deployable space
structures. Maqueda Jiménez’s thesis provides a review of this group’s work and
also describes the manufacture and testing of a number of dual-matrix continuous
fiber composites for foldable—deployable space structures.* These materials consist
of liquid silicone hand-applied and UV-cured to create the flexible regimes and
epoxy film used in the stiff regimes. These composites are very thin, designed for
low-load space applications, and designed to fold once for storage and deploy once
(though multiple cycles may be possible). Maqueda Jiménez performed torsional
tests on bulk rod samples as a means to determine longitudinal shear modulus to
predict compression behavior. Most materials for deployable space structures are
designed to resist bending and compression loads once deployed and are typically
not designed or evaluated for torsional stiffness.

Platt’s thesis details the fabrication and testing of woven carbon-fiber composites
with alternating polyurethane (PU) and epoxy regions.’ The intended application
was a folding tray table for passenger aircraft, and thus the composites were thicker
than those for deployable space structures. Samples were evaluated in constant-load
4-point bending, and anticlastic (multiaxis) curvature effects and interaction
between matrices were examined. Wet layup was performed by hand, which led to
issues with porosity. Torsion properties were not evaluated.

Tape springs for deployable space structures store elastic energy when bent for
storage, and this energy is to deploy the structure.®” The form and function of these
springs will be familiar to anyone who has used a slap bracelet. However, tape-
spring structures for deployment in space are generally designed to fold once and
unfold into a stiff structure.® In related experiments, Lopez and Pellegrino examined
folding of single-ply continuous carbon fibers in a silicone matrix.” The authors
used an unconventional compression-bend test to achieve high deformation in the
material and through cyclic loading found evidence of damage though none was
visible.



Talon Technology has a commercially available dual-matrix continuous fiber
carbon—Kevlar composite hinge consisting of rigid outer wings and a flexible unit.'°
The rigid wings have an epoxy matrix whereas the flexible unit has a urethane
matrix. Due to their current design and fabrication process, the carbon—Kevlar
hinge has a small radius of curvature, which limits the range of motion. This group
performed high-cycle bend tests evaluating the stability of the flexible hinge unit
as well as load strength. The results showed a slight reduction in the bending
stiffness of the flexible hinge section. No evidence of damage was shown. Torsional
properties were not reported.

1.3 Current Work and Applications

To the authors’ knowledge, dual-matrix composites with variable in-plane stiffness
have not been applied to the field of exoskeletons and robotics. For these
applications, it is generally desirable to create a composite hinge with tailorable
out-of-plane bending stiffness and high torsional stiffness. In this work, the
modeling, fabrication, and testing of fabric-based continuous fiber composites with
regimes of varying in-plane stiffness will be investigated. Classical Laminate
Theory (CLT) is used to predict the local effective out-of-plane bending and
torsional rigidity. Samples are evaluated in high-deformation bending-compression
tests and torsion tests, where low-cycle fatigue behavior is examined. In this report,
composite design and experiments are geared toward composite living hinges for
two example applications: a robotic leg joint (Fig. 1) and an exoskeleton prototype
known as Third Arm (Fig. 2).!! The Massachusetts Institute of Technology’s
(MIT’s) robotic leg provides an example of the general type of joint that a
composite living hinge could replace: a metal pinned joint with a passive spring to
provide restoring force.'?> The spring stiffness must be tailored based on the mass
and desired gait of the robot. Third Arm was designed by the US Army Combat
Capabilities Development Command (CCDC) Army Research Laboratory (ARL)
and comprises a series of rigid woven carbon-fiber laminate plates connected with
steel fasteners to aluminum hinges. The aluminum hinges provide the stiffness
necessary to support the load of weapons, shields, and tools weighing up to 30 lb
while allowing smooth rotation and thus easy manipulation of the implement.
However, the aluminum hinges and steel fasteners add weight and complexity to
the overall device. The assembly of hinges and composite plates could be replaced
by a single-piece composite with multiple, alternating hinge and rigid sections.



Fig. 1  MIT’s robotic leg'? (left) and notional variable-stiffness composite equivalent (right)

Fig.2 CCDC ARL’s Third Arm exoskeleton prototype



2. Design

Integration of a dual-matrix composite hinge structure into such applications as
mobile robotics and exoskeletons requires the understanding of the out-of-plane
bending and torsional stiffness behavior of the hinge region. Such behavior in
composite laminates can be evaluated using CLT. Due to the numerous publications
and work done on CLT, the systematic process will not be discussed in detail.'?
CLT was used to evaluate six design variations, listed in Table 3, to predict the out-
of-plane bending and torsional stiffness properties. The results will be compared to
experimental work in Section 3. MATLAB code was written to evaluate each case.
The fiber and matrix properties are listed in Tables 1 and 2. The woven carbon fiber
T300 was supplied by Toray and Kevlar S/4988 by Hexcel. The matrix material is
a thin thermoplastic polyurethane film, TPU 399, supplied by Huntsman. The fiber
volume fraction was determined based on the area density of the woven fabric and
thickness of the PU plies. The PU sheet was 0.38 mm thick, and the carbon and
Kevlar fabrics were approximately 0.20 and 0.70 mm thick, respectively. The
composites were modeled as stacks of fabric and PU sheets, assuming some
incorporation of the PU into the fabric, but the overall PU sheet thickness remained
roughly the same before and after incorporation into the composite. The result is a
relatively low fiber-volume fraction vy, with the carbon composite having lower vy
than the Kevlar composite. Each woven ply was modeled as a symmetric stack of
four orthogonal plies in order to allow for symmetry while maintaining thickness
and vyof the overall composite. Equation 1 gives the flexural rigidity relation, where
dyy 1s the laminate compliance matrix term. The torsional stiffness T/0 (Eqgs. 2-5)
was derived as an orthotropic angle-ply laminate with a rectangular cross-section,
based on CLT and work done by Sumsion and Rajapakse.'*
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Table 1 Fabric selection and properties

Fabric style Carbon T300 Kevlar S/4988
Weight, g/m? 197 508

Weave construction Plain 8 x 8 Basket
Count, yarns/cm 4.72 x4.72 15.7 x 15.7

Yarn type 3K Carbon K49 1420 Denier

Table 2 Mechanical properties of fiber and matrix selection

Fiber properties Carbon T300 Kevlar S/4988 Matrix properties TPU 399

Ey; (GPa) 230 131

E,; (GPa) 15 7 E,, (MPa) 2.0

Gizy (GPa) 27 21 G, (MPa) 0.68
V1 0.20 0.33 Um 0.47

The flexural rigidity and torsional stiffness are dependent on the geometry of the
rectangular specimen as represented in Fig. 3, where w, 7, and L sy represent the
width, thickness, and effective length of the flexible hinge region, respectively. The
in-plane shear modulus Gy, is derived based on CLT (Eq. 3). In this model,
obtaining an accurate approximation of out-of-plane (through thickness) shear
modulus Gx: or ratio of Gi./Gyy is key. Gy is difficult to predict without conducting
experimental torsion tests about the fiber direction and transverse to the fiber
direction, as described in the work of Tsai and Daniel.'> However, Sumsion and
Rajapakse showed for an angle-ply carbon—epoxy laminate in torsion, the out-of-
plane shear modulus was approximately 92% lower than the in-plane shear
modulus.'* For the purpose of this study, an approximation of G./Gy, of 0.005:1
was used, taking into consideration the low-modulus PU matrix of these thin
composites. Prior to fabrication and experimentation, the out-of-plane bending and
torsional stiffnesses were evaluated for several laminate design cases using Eqgs. 1—
5. The results shown in Figs. 4 and 5 demonstrate how the fiber selection and
orientation and the number of plies influence the previously mentioned properties
of each laminate. The results in Fig. 4 demonstrate that flexural rigidity is a fiber-
dominated property for [0/90]s composites with bending modulus E;:



approximately 2—8 GPa. Flexural rigidity is a matrix-dominated property for the
[+45/-45]s composites, with bending modulus approximately 3 MPa. As expected,
torsional stiffness of the [+45/—45]s composite is significantly greater than those of
the [0/90]s composites due to the [+45/—45]; fibers being in the direction of the shear
stress loads (Fig. 5).

#%

Out-of-plane bending

o vy

Torsion

Fig.3  Model of composite hinge structure subjected to bending and torsion
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3. Experimentation

3.1 Fabrication

The fiber and matrix selection for the composite hinge region is the same as what
was modeled in the CLT. Figure 6 illustrates the whole composition of the
composite hinge structure where the outer regions are infused with SC-15 epoxy
(Applied Poleramic, Inc.). SC-15 was chosen for its excellent mechanical

properties and ease of processing using vacuume-assisted resin transfer molding
(VARTM).



Epoxy Regions

N
Carbon —,
Carbon or
Kevlar
%'—I
Polyurethane Region

Fig. 6  Composition of composite fiber hinge structure

The chosen design selections are outlined in Table 3. Based on the CLT model,
several designs were chosen to investigate the effects of ply count, fiber type, fiber
orientation, and hinge geometry. The results are intended to inform composite
design toward a multi-hinge structure for high-load applications.

Table 3 Design selections for composite hinge sections

Design Hinge fiber Hinge matrix Hinge fiber Hinge geometry:

orientation L x W x T (mm)
1 CF 282 PU 399 3 ply [#45] 50.8 x254%x1.8
2 CF 282 PU 399 3 ply [#45] 254 %x254x%x1.8
3 CF 282 PU 399 3 ply [0/90] 254 %x254x%x1.8
4 Kevlar PU 399 1 ply [+45] 12.7x254x%x1.4
5 Kevlar PU 399 2 ply [+45] 12.7%x254 %24
6 Kevlar PU 399 1 ply [+45] 12.7x50.8 x 1.4

CF = carbon fiber

The fabrication procedure for each panel occurred in two stages. In Stage 1, the PU
films were bonded to the midplane layer(s) at a temperature of 104 °C (220 °F),
held for 3 h, then cooled all while under vacuum (Fig. 7a). Next, the bonded PU
films on the midplane layer(s) were covered with an adhesive tape (Release Ease
234 TFP-HP by Airtech), ensuring no epoxy would flow over the flexible film
during the resin infusion. Woven carbon fabric was placed on the top and bottom
of the midplane layer(s), flanking the PU section (Fig. 7b). The VARTM process
was applied to infuse SC-15 epoxy resin to the remaining midplane dry fabric layers
and the outer carbon layers, where it acclimated for 1 h at 35 °C (95 °F). The cure
cycle of SC-15 followed that of the manufacturer’s guidelines. First, the
temperature was ramped up to 60 °C (140 °F) at a rate of 3 °C/min (5 °F/min),
where the resin began to gel. Once the gel point was reached, the temperature was
ramped up to 121 °C (250 °F) at a rate of 3 °C/min and held for 3 h. After 3 h, the
part was cooled under vacuum. The final part was debagged and the Release Ease



was removed. Prior to testing, each panel was sectioned by a waterjet into coupon-
sized samples (Fig. 8).

Fig.7  Fabrication of composite hinge structure: A) Kevlar middle layer with PU strips and
tape mask (blue), B) carbon fabric applied after PU cure, C) prepared for VARTM process,
and D) cured composite with epoxy matrix

Fig.8  Fabricated composite hinge samples in A) Design 1, B) Designs 2 and 3, C) Designs
4 and 5, and D) Design 6
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3.2 Testing

An effective hinge structure in practice will experience cyclic loading as well as
high-deformation bending, generally up to at least a 90° bend. Two test platforms
were used to evaluate the out-of-plane bending stiffness and torsional stiffness of
the hinge structures. The first test platform applied was a vertical-compression bend
test where an aluminum fixture with a 90° groove was fabricated to apply load
while allowing the specimen ends to pivot freely in the groove (Fig. 9). Designs 1—
3 were tested on an Instron 5500R test frame with a 4448-N (1000-1b) load cell.
Due to excess noise in the data, Designs 4-6 were tested on a Materials Test
Systems (MTS) synergy electromechanical test frame with a 500-N load cell. All
specimens were compressed to a 90° bend at a rate of 20 mm/min for 5 cycles. A
5-min relaxation period after each cycle was incorporated for the specimen to
recover. Force-versus-displacement data were captured for each cycle. As
previously mentioned, one objective is evaluating the composite living hinge for
application on a robotic leg joint. An illustration of the composite hinge is presented
in Fig. 10, where two rigid segments are connected to a notional “knee” joint. A
moment, M, is generated in the hinge region at the notional joint due to force
applied in the compression bend test. The derivations are presented in Eqs. 6 and
7, where s is the arc length of the hinge region, equal to /. The stress in the hinge
region due to bending is from standard beam theory as presented in Eq. 8.

Fig. 9  Compression bend test, A) specimen at test start and B) specimen with 90° bend
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C)

Fig. 10 Free-body diagram of composite living hinge: A) rest position, B) compressed, and
C) notional “knee” joint

d = Lsinf, + i(1 — cos 6,) (6)
M, = Fd (7)

Mt
oy = Lt (8)

21

A second test platform evaluated the torsional stiffness of the composite hinge
section. Torsional testing was conducted on a MTS 809 Hydraulic test frame with
an 1100-N*m (10,000-in*1b) load cell. For each of the specimens tested, the grip
length was minimized in order to primarily test the properties of the hinge section
and reduce the contribution of the stiffer carbon sections. Samples were gripped
6.25 mm (0.25 in) above and below the hinge section. The initial designs of 4 and
5 underwent a single load cycle from 0° to 45° at a rate of 6° per min. Design 6
underwent low cycle testing from 0° to 45° back to 0° at a rate of 6° per min. Each
specimen went through five cycles with no relaxation time. The experimental setup
is shown in Fig. 11. Noncontact 3-D Digital Image Correlation (DIC) was
performed using two Forward-Looking Infrared 2.3-megapixel cameras along with
Correlated Solutions VicSnap9 and Vic3D imaging software to capture the angle
of twist occurring in the hinge section. Vic3D was used to place four virtual points
of interest in the corners of the hinge region, as shown in Fig. 12. This allowed for
the deformation in the x—z plane to be captured and obtained the angle of twist ®
through the geometric relations in Egs. 9-11.

12



Fig. 11 Torsion test, A) DIC setup, B) 45° of twist (front), and C) 45° of twist (back)

— -1 Wa—W1
0., = tan (—xz—x1+uz—u1 )
_ -1 W4q—W3
05, = tan (x‘}_x#u‘}_u3 (10)
O =034 — 013 (1T)

Clamped |
End

DIC
Region

Clamped
End

v

Fig. 12 Geometric relations for deriving angle of twist in hinge region of the x—z plane

4. Results

4.1 Compression Bend Test

The representative compression-bend-test stress—strain curves for Designs 1-5 are
presented in Fig. 13. Note the scaling of the x-axis for Designs 4 and 5 vary from
Designs 1-3. Each of the design cases exhibits a nonlinear behavior that is most
significant in Cycle 1. During Cycle 1 there are noticeable discontinuities in
Designs 3 and 5, which likely occur due to delamination, fiber damage, and/or PU—
epoxy matrix interfacial damage. Cycles 2-5 show good repeatability of
mechanical behavior. Figure 14 shows the flexural rigidity of Cycle 1 and Cycles
2-5, with the modulus taken as the initial linear slope of the stress—strain curve.

13



Due to the minimal preloading applied, slight variations in offsets were used for
each design case to evaluate the initial modulus. For Designs 14, the modulus was
evaluated in the range of 0.2% to 0.4% strain for Cycle 1 and 0.5% to 1.0% strain
for Cycles 2-5. The initial modulus for Design 5 was evaluated in the range of 1.4%
to 1.8% strain for Cycle 1 and 1.0% to 1.4% strain for Cycles 2-5.

Design 1
60
—_ ——Cycle 1
& 50 ——CCycle 2
% ——Cycle 3
2 40 Cycle 4
= —Cycle 5
% 30 2
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10
/ ——
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Flexural Strain
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= 50 ——Cycle 2
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> 40 Cycle 4
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n
o0
£ 20
S
=
[
M 10
0
0 0.01 0.02 0.03 0.04 005 0.06
Flexural Strain

Fig. 13 Representative stress—strain relations from compression bend test
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With the exception of Design 3, experimental flexural rigidity in Cycle 1 is
generally 2—3 orders of magnitude higher than the CLT model, and flexural rigidity
of Cycles 2-5 is approximately 1-2 orders of magnitude higher than the CLT model
(Fig. 3). Design 3 (0/90 carbon fiber 3-ply) experimental flexural rigidity is
marginally higher than that predicted by CLT. Incomplete wetting of the tows by
the PU matrix could have allowed epoxy to seep into the hinge section, increasing
the stiffness of the hinge section. Flexural rigidity of Design 3 should be dominated
by fiber properties; thus, the experimental result better matches the CLT than the
+ 45 designs. Furthermore, the only change between Designs 1 and 2 is the length
of the hinge section, so the modulus and thus flexural rigidity should be the same.
The difference in flexural rigidity of Designs 1 and 2 observed in Fig. 14 may
indicate that epoxy seeped into a larger percentage (by length) of the flexible
section of Design 2, since Design 1’s flexible section is twice the length of Design
2. Comparing Designs 2 and 3 (+ 45 and 0/90, respectively), the experimental
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flexural rigidity follows the expected trend from CLT, with a significant increase
from Design 2 to 3. Designs 4 and 5 also exhibit the expected trend of significant
increase in flexural rigidity when ply count is doubled.

Each sample exhibited a reduction in flexural rigidity from the average of Cycle 1
to the average of Cycles 2-5, as illustrated in Fig. 14 and Table 4. Reduction in
rigidity after Cycle 1 is a likely indicator of sample damage in the hinge section.
Figure 15 presents microscopy images of the hinge section for several design cases
postexperiment. Different hinge designs resulted in different amounts of rigidity
reduction. The longer hinge section of Design 1 exhibited the least reduction, while
the 0/90 carbon fibers of Design 3 exhibited the most reduction. The 0° fibers of
Design 3 experience a smaller bend radius than the [+ 45] fibers of other designs,
increasing the localized stress. Figure 15a shows a localized fracture in one of the
carbon tows within the flexible hinge region. Figures 15b and 15¢ show that under
high deformation localized delamination is present for a single-ply, whereas for a
two-ply delamination is shown occurring throughout the hinge region. A likely
cause of the delamination could be attributed to poor infusion of the PU into the
Kevlar fibers as well as damage inflicted during water jetting each panel into
coupon-sized samples. Visual analysis indicates damage due to microbuckling and
delamination. The stress analysis indicates the stresses in Designs 2, 3, and 5 exceed
microbuckling failure stress in extension mode (Equation 12).!® The stresses in
Designs 1 and 4 are below the microbuckling failure stress, but within an order of
magnitude. Calculated interlaminar shear stresses are in the range of 0.02—0.18
MPa, likely at least an order of magnitude smaller than the shear failure strength of
the matrix materials. The observed delamination damage in Cycle 1 is therefore
likely due to debonding of the fiber—PU interface, which will likely have a lower
failure threshold than shear failure of the matrix materials.

Table 4 Flexural rigidity for Designs 1-5

Flexural rigidity EI (Nm?)

Design Hinge configuration
Cycle 1 Cycles 2-5 % reduction
1 Carbon, 3 ply, 50.8 mm long, [+ 45] 2.65E-03 1.67E-03 37.0
2 Carbon, 3 ply, 25.4 mm long, [+ 45] 2.73E-02 5.27E-03 80.7
3 Carbon, 3 ply, 25.4 mm long, [0/90] 1.89E-01 8.68E-03 95.4
4 Kevlar, 1 ply, 12.7 mm long, [+ 45] 7.10E-03 2.11E-03 70.3
5 Kevlar, 2 ply, 12.7 mm long, [+ 45] 1.19E-01 1.04E-02 91.2
1
Oy = 2V (%)E (12)
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Fig. 15 Microscopy images of localized damage in fibers: A) Design 2, B) Design 4, and C)
Design 5

As mentioned in the introduction section, one potential application of these
composite living hinges is a robotic leg with a compliant passive joint. The example
robotic structure was designed at MIT’s Computer Science and Artificial
Intelligence Laboratory.'? The design is shown in Fig. 16. It consists of a rigid,
lightweight metal thigh and shank segment connected to a pivot point “knee joint.”
A spring is attached between the thigh and shank segments to store and release
energy during locomotion. The equivalent composite living hinge is illustrated in
Fig. 10. The composite hinge is represented as two rigid segments, thigh and shank,
connected to a notional knee joint. A moment is generated at the hinge, or notional
knee joint, due to force applied in the compression bend test as discussed in Section
2.3. The moments were evaluated for Designs 1-5 for selected knee angles in the
operating range of the leg by Fumiya and Tedrake'? and are presented in Fig. 17.
Moment at the center of the composite hinge increases with decreasing angle 6>
(increased flexion), as does the knee moment created by the spring in the MIT
robot.!?
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Fig. 17 Moment generated at notional hinge joint as a function of flexion angle

The moments observed in Design 5 are likely in the approximate range of the
moments created by the spring in the MIT robot,'? and the moment-flexion response
could be tailored by making small changes in geometry of the composite, based on
the desired behavior for the application. Designs 2—4 could be useful for lower-
mass robots, and Design 1 is likely too flexible for legged-robot applications.

4.2 Torsion Test

Designs 4—6 underwent torsion testing to gain insight in how the hinge’s geometry
influences the torsional stiffness behavior. The torsional stiffness was obtained
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from a linear fit of the initial slope of torque versus angle of twist. Figure 18 shows
a chart demonstrating maximum torque load applied to each design and a chart
comparing the experimental average torsional-stiffness data with the numerical
analysis from the CLT model. The model captures the expected trend, but there are
differences in modeled versus experimental stiffness magnitudes. Designs 4 and 6
have only a single ply of Kevlar in the hinge section, whereas Design 5 has two
plies of Kevlar in the hinge section. The modeled torsional stiffness of Design 5 is
only 7.5% higher than the experimental average. These results suggest the
numerical approximation of Gxz:Gxy being 0.005:1.0 underestimates the torsional-
stiffness properties for thin laminates. The experimental data demonstrate the effect
that changes in geometry and matrix have on torsional-stiffness behavior.
Comparing Designs 4 and 5, by increasing the number of plies from 1 to 2, results
in a 190% increase in stiffness. As for increasing the width of the sample by 2x,
comparing Designs 4 and 6 shows a 4.5x increase in stiffness.
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Fig. 18 Torsional load and stiffness during first cycle
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Low-cycle torsion testing was conducted on Design 6 to examine fatigue behavior.
Figure 19 demonstrates the average in reduction in the maximum torsional load and
stiffness across five cycles. The torsional-stiffness values were evaluated as the
initial slope of torque versus angle of twist. It is to be noted that each specimen
experiences the largest torque load at maximum deflection, @ = 45°. Both design
cases demonstrate a similar behavior as observed in the compression bend test’s
results. A reduction in torsional stiffness from Cycle 1 to 2 was recorded as 73%.
Even though a significant reduction was demonstrated after the first cycle, Cycles
2-5 show a marginal decrease in value thereafter. If the trend continues, high-cycle
testing should show a roughly constant value in torsional behavior. The observed
torsional stiffness is promising, but not yet sufficient for the Third Arm application.
Further work will improve torsional stiffness while maintaining out-of-plane
flexibility.
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Fig. 19 Low-cycle torsion test results
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5. Conclusion

This report demonstrated a novel method for manufacturing living hinges
consisting of continuous fiber woven composites of carbon fiber, Kevlar, epoxy,
and PU. CLT captured the general trend expected when changing ply count, fiber
type, and fiber orientation, but the experimental flexural rigidity was significantly
different than the model predictions. These differences may have been due to
incomplete wetting of the PU in the flexible regions and epoxy subsequently
seeping into some of the tows and subsequently increasing the experimental
stiffness. Low-cycle bend testing showed that flexural rigidity was significantly
reduced after the first cycle, but remained relatively unchanged upon further cycles.
With refinement in manufacturing methods, experimental flexural rigidity could
better match model predictions, enabling composite hinges with more precisely
tailored effective spring stiffness. The tailorability of the moment generated at the
notional hinge “knee” joint of the composite living hinge opens up a wide range of
potential robotic applications. The high-deformation tests in this report
demonstrated composite joint moment behavior was likely in the range required for
a robotic leg application. The modeled torsional stiffness of these composite hinges
agreed well with experimental results for initial loading. The ability to predict,
design, and characterize torsional and flexural stiffness of these composites could
allow them to replace typical hinged appendage assemblies in small robots, thus
reducing weight and complexity of the robot.

Future work: Improvements to the manufacturing method could prevent epoxy
from seeping into the tows of the flexible hinge section. A liquid PU could be
infused into the entire area of the flexible fabric layer or layers, then the flexible
section could be masked while epoxy resin is infused into the rigid fabrics flanking
the flexible region. This manufacturing method may also allow for improved
torsional stiffness through reduction in the flexible region’s length. Torsional
stiffness could also be improved by increasing the overall sample width and ply
count, although the latter will increase out-of-plane bending stiffness. Additional
high-cycle, high-deformation testing could better determine the fatigue behavior of
composite hinges for robotic applications. Future work will examine these changes
and the possibility of enabling a composite hinge structure sufficient for Third Arm.
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3-D
ARL
CCDC
CLT
DIC
DOF
MIT
MTS
PU
TPU
UV
VARTM

3-dimensional

Army Research Laboratory

US Army Combat Capabilities Development Command
Classical Laminate Theory

Digital Image Correlation
degree-of-freedom

Massachusetts Institute of Technology
Materials Test Systems

polyurethane

thermoplastic polyurethane

ultraviolet

vacuum-assisted resin transfer molding
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