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1. Introduction

1.1 Motivation

Current robotic and human-scale exoskeletons have made significant advances over
the years but the mechanical design of such systems still requires technological
advancements. Most exo-suits and robotics remain rigid and bulky and present
significant challenges for human—-machine interface and energy-storage
capabilities. Across industry, the US Department of Defense, and academia—each
showing interest in designing and fabricating an efficient and effective system that
is comfortable for the end user—such areas of focus shed light on reducing mass,
parts, and, as a result, manufacturing and assembly labor. The design and analysis
to reach this desired goal become 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 (Al) 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 an exoskeleton’s 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.

Composites with variable in-plane stiffness have the potential for tailorable hinge
behavior in multiple-rotation axes by specifying ply and fiber orientation.
Continuous composite hinges for exoskeletons could have multiple alternating rigid
and flexible regions 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 of human-scale exoskeletons.



1.2 Prior Work

The work presented in this report is a continuation of the work done by Rowbottom
et al.! Prior to this, the main focus across academia and industry for dual-matrix
composites was geared toward lightweight, foldable, deployable materials for
outer-space structures. These foldable composite structures were designed for low-
load applications and to be deployed once.

Sergio Pellegrino’s group at the California Institute of Technology was successful
in fabrication and testing of very thin dual-matrix continuous-fiber composites for
foldable—deployable space structures.> They demonstrated the ability of the dual-
matrix composite to fold once for storage and deploy once, further resisting bending
and compression loads. Another work done by Lopez and Pellegrino examined the
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.

Platt’s thesis details the fabrication and testing of woven carbon-fiber composites
with alternating polyurethane (PU) and epoxy regions for the application of a
folding tray table for passenger aircraft, and thus the composites were thicker than
those for the deployable space structures.* Samples were designed to resist loading
under a constant-load 4-point bend test. Wet layup was performed by hand, which
led to issues with porosity. Torsion properties were not evaluated.

Talon Technology has a commercially available dual-matrix continuous fiber
carbon—Kevlar composite hinge consisting of rigid (epoxy matrix) outer wings and
a flexible (urethane) unit.> 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 other evidence of damage
was shown. Torsional properties were not reported.

Rowbottom et al. demonstrated a novel method for manufacturing living hinges
consisting of continuous-fiber woven composites of carbon fiber, Kevlar, epoxy,
and PU with alternating epoxy (rigid) and PU (flexible) sections.! They
demonstrated the ability to predict, design, and characterize torsional and flexural
stiffness under low-cycle, high-deformation loading. This work opens up the
possibilities to replace typical hinged-appendage assemblies in small robots, thus
reducing the weight and complexity of the robot.



1.3 Current Work and Applications

In this report, the work done by Rowbottom et al.! on composite living hinges is
extended to the application of high-load, human-scale exoskeletons. This work is
broken up into two sections, first of which is the design, fabrication, and testing of
dual-matrix composite living hinges. The torsional stiffness behavior is evaluated
through a novel offset bend test, and Classical Laminate Theory (CLT) is used to
predict the local effective torsional stiffness. The second section uses the findings
from the first section to design, fabricate, and test dual-matrix multihinged
composites for interfacing with the Third Arm exoskeleton prototype (Fig. 1).°

Third Arm was designed by the US Army Combat Capabilities Development
Command (CCDC) Army Research Laboratory (ARL) and comprises a series of
rigid, 2-D woven carbon-fiber laminate plates connected with steel fasteners to Al
hinges. The Al hinges provide the stiffness necessary to support the load of
weapons, shields, and tools weighing up to 13.6 kg (30 Ib), while still allowing for
smooth rotation and thus easy manipulation of the implement. However, the Al
hinges and steel fasteners add weight and complexity to the overall device. The
assembly of hinges and composite plates will be replaced by a single piece of
composite with multiple alternating hinge and rigid sections. For such a composite
to resist vertical load while allowing motion in the transverse plane about the body,
there is a trade-off between maximizing torsional stiffness while still allowing for
pliable out-of-plane bending through changes in number of plies, fiber orientation
and overall width of the composite. The multihinged composite is interfaced with
the Third Arm and a weight comparison is made with the original Al-hinge
assembly.

Fig.1 CCDC Army Research Laboratory’s Third Arm exoskeleton prototype



2. Experimentation

2.1 Design and Fabrication

The design process of the composite living hinges is presented in detail in
Rowbottom et al.! A numerical analysis to predict the torsional stiffness of the
hinge was performed using CLT, where the composite is represented as an
orthotropic angle-ply laminate with a rectangular cross section, based on the work
done by Sumsion and Rajapakse.” This approach is expressed in Equations 1—4,
where w, ¢, and L.y represent the width, thickness, and effective length of the
flexible hinge region, shown in Fig. 2. In this model, the torsional stiffness, 7/6, is
dependent on obtaining an accurate relation between the in-plane shear modulus,
Gy, and the out-of-plane shear modulus, G,.. The in-plane shear modulus is
obtained through Eq. 2 from CLT, where dys (sometimes written as dgs) is from the
laminate compliance matrix.® However, G.. 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.® Evaluating Eq. 2
reveals the influence of laminate thickness: doubling the ply count results in
approximately 2x increase in Gyy. Davalos et al. reported that doubling ply count
has a marginal effect on G.. for orthotropic angle-ply laminates.” Thus, for the
purpose of this study a ratio of 0.01:1 (Gx:Gy) will be used for a single-ply
composite hinge and 0.005:1 will be used for multi-ply composite hinges. The
woven carbon fiber T300 was supplied by Toray and Kevlar S/4988 by Hexcel. The
hinge’s matrix material is a thin thermoplastic polyurethane film (TPU 399)
supplied by Huntsman and the rigid epoxy system (SC-15) is supplied by Applied
Poleramic, Inc. Figure 2 illustrates the composition of the composite-hinge
structure where the outer regions are infused with SC-15 epoxy and the central
hinge region uses a TPU thin film. SC-15 was chosen for its excellent mechanical
properties and ease of processing using vacuum-assisted resin transfer molding
(VARTM).

- (22

Gey = g 2)

B =205 1555 (1 - Ztanh (1)) (3)
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Fig.2  Model of composite-hinge structure subjected to torsion and 3-D shear stiffness
tensor state

The fiber and matrix selection along with the mechanical properties for the
composite-hinge structures are listed in Tables 1 and 2.

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 472 x4.72 15.7 x 15.7

Yarn type 3K Carbon K49 1420 Denier

Table 2 Mechanical properties of fiber and matrix selection

Fiber Carbon T300 Kevlar S/4988 Matrix properties TPU 399 SC-15
properties

Ey; (GPa) 230 131

Ey (GPa) 15 7 E,, (MPa) 2.0 2500
Gyzy (GPa) 27 21 G,, (MPa) 0.68 925

V1 0.20 0.33 U 047 035

It is desirable to maximize composite torsional stiffness for integration of the
composite-hinge structure into the Third Arm exoskeleton prototype; thus, the
effects of changes in the number of plies and overall composite width are examined.
The design selections for the single-hinge composite panels are outlined in



Table 3, which includes each selection’s length (L), width (W), and thickness (T).
The length of the hinge section for each design case was chosen as 12.7 mm based
on the findings reported by Rowbottom et al.!

Table 3 Design selections for composite single-hinge sections

Hinge fiber Hinge geometry

Design  Hinge fiber ~ Hinge matrix orientation L x W x T (mm)

1 Kevlar PU 399 1 ply [£45] 12.7 x 1524 x 1.5
2 Kevlar PU 399 2ply [£45]  12.7 x 152.4 x 2.8
3 Kevlar PU 399 3ply [#45]  12.7 x 152.4 x 3.2
4 Kevlar PU 399 2ply [£45]  12.7x762 %23

For Designs 1-4, the fiber orientation of the rigid carbon sections are 4 ply [0°/90°]
on top and bottom of the mid-plane Kevlar fibers (see Fig. 3). Single-hinge Designs
1-4 were fabricated and tested first to provide insight into the design composition
of a multihinge composite structure.

Epoxy Regions
/
Carbon —,
Carbon or
Kevlar
I_'_l

Polyurethane Region

Fig.3  Composition of composite-fiber hinge structure segment

The design selections for the multihinge composite are outlined in Table 4 and the
geometry for each segment is illustrated in Fig. 4. The composition of each segment
of the multihinge is the same as shown in Fig. 3 with alternating rigid and flexible
regions. Note, however, that in Design 6 the carbon plies in each segment increases
from right to left. The first two rigid segments have four carbon plies on each side
of the Kevlar fabrics, the next segment has six carbon plies on each side, and the
leftmost segment has eight carbon plies on each side of the Kevlar. The ply count
was increased in the segments nearest the body to provide additional torsional
stiffness in the sections that experience the highest torque due to the cantilever
loading on the opposite end of the multihinge panel. The rear carbon-fiber-plate—
Al hinge section of Third Arm will also be tested as a baseline for comparison with
the living hinges. The 2-D woven carbon-fiber laminate plates used in this study
have dimensions of 139.7 x 63.50 x 6.35 mm for the back plate and
244.50 x 63.50 x 6.35 mm for the following plate. The Al hinge is made from Al
6061-T6.



Table 4 Design selections for composite multihinge sections

Hinge fiber Rigid fiber Hinge geometry Overall geometry
orientation orientation L x W x T (mm) L x W (mm)

5 3ply[+45] 4 ply[0/90 +45]s 12.7 x 152.4 x 3.8 660.4 x 152.4
6 3ply [+45] 8 ply [+45]s¢  12.7x101.6 x 3.9 660.4 x 101.6

Design

2 Rigid fiber segments, ply count, from left to right in Fig. 4: 8, 6, 4, and 4
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Fig.4  Multihinge configuration

The panels were fabricated in a two-step process. PU films were first bonded to the
flexible regions of the Kevlar in a vacuum-assisted autoclave process. Then, the
flexible regions were masked with tape and the carbon fabrics laid in place. In the
multihinge panels, orange 3-D-printed strips (Fig. 5D) were placed under the PU—
Kevlar sections to maintain spacing of the carbon plies. The carbon fabrics and the
unmasked Kevlar were then infused with epoxy using a VARTM process with an
autoclave cure. (Further details of the fabrication process can be found in
Rowbottom et al.!) After autoclave cure, the panels were cut on a water jet to the
sizes seen in Tables 3 and 4, and Figs. 5 and 6.



3-D printed strips to maintain spacing B

8! Carbon Fiber Carbon Fiber

Fig.S  Fabrication of composite-hinge structure: a, b) single-hinge and multihinge with PU
strips; ¢, d) single-hinge and multihinge flanked by carbon sections; e, f) VARTM process;
and g, h) post-cured composite, single and multihinge



D

Fig. 6  Representative fabricated composite-hinge samples: a) Designs 1-3, b) Design 4, c)
Design 5, and d) Design 6

2.2 Testing

The following tests were designed to evaluate the effectiveness of a
composite-hinge structure to interface with the Third Arm exoskeleton prototype
and replace its current 1-DOF carbon-fiber—Al hinge segments. The torsional
stiffness is to be evaluated for both the single and multi-hinge panels through a
novel offset bend test. The offset bend test replicates conditions in Third Arm for
full-scale composites that will not fit in the available torsion-test frames. An Al test
fixture was fabricated to hold the hinge structures at a 90° bend, with one end
pinned and the other free (Fig. 7). A free-body diagram of the experiment is detailed
in Fig. 8. As demonstrated previously,' some degree of damage occurs within the
hinge section during the initial bending, but the hinge retains significant stiffness
upon cyclic loading. A guided support was placed in parallel to the free end of hinge
structure in order to keep the end aligned with the load cell. A strip of
polytetrafluoroethylene (commonly, PTFE)-coated fiberglass adhesive film was
placed on the guided support column to reduce sliding friction between the support
column and the composite during testing. Testing was conducted on an Instron
5500R test frame with a 4448-N (1000-lb) load cell. A compressive load was



applied at the free end, 10 cm (4 inches) from the center of the hinge as shown in
Fig. 7.

Fig.7  Offset compression—bend test setup; left) carbon-fiber—Al hinge and right) dual-
matrix composite-fiber hinge structure
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Fig.8  Free-body diagram of offset bend test; a) composite-hinge structure, b) rear, rigid
carbon section, and c) free end subjected to load cell (coordinate system is with respect to the
middle of the back panel)

The rear carbon-fiber—Al hinge from the Third Arm as well as Designs 14
underwent a compressive load applied at a rate of 10 mm/min until a displacement
of 25.4 mm was reached. Load application was repeated for five cycles, with a
5-min relaxation period between each cycle. Torsional load, 7, in the hinge section
was evaluated as the force applied by the load cell multiplied by the distance, L, of
the “lever arm” to the center of the hinge. The assumption was made that the force
applied from the load cell remains at distance L of 10 cm from the center of the
hinge throughout the experiment. Torsional stiffness, 7/0, was evaluated at the
center point of the hinge section and the angle of twist, 6, was derived through

10



geometric relations as described in Eq. 5, where Ay is the vertical displacement.
This approximation likely does not capture the exact behavior of the composite
hinge, but provides an application-relevant comparative metric between the
composite-hinge designs and the Al hinge. At a minimum, the composite hinge
should be able to withstand a torsional load of 37 Nm, which is equivalent to a
4.5-kg (10-1b) rifle fully supported by Third Arm in the most distal position. Ideally,
the composite hinge would be able to withstand up to 112 Nm, which represents a
13.6-kg (30-1b) implement held at arm’s length.

6 =tan™! (ATy) (%)

Testing of the continuous fiber multihinged composite panels were done in the
same manner as the single-hinge offset bend test, but on a larger scale and without
the use of a load frame. A simple Al test platform was designed for this experiment
as shown in Fig. 9. As in the single-hinge bend test, one end is pinned to the test
fixture and the rear hinge section is held in place at a 90° bend by a guided support.
The free end was subjected to vertical loading through the use of a hanging
dumbbell placed at a distance of 0.56 m (22.06 inches) from the center of the rear
hinge. The selection of free-hanging weights used in this experiment are listed in
Table 5. Each plate was weighed on a scale and recorded prior to testing. The
combination of weights used for loading the multihinge are listed in Table 6. Trial 1
was meant to approximate the load of an M4 rifle, Trial 5 the load of an M249
machine gun, and Trial 6 the load of an M240B machine gun. For each applied
weight, vertical deflection was recorded as well as experimental observations seen
during testing of the composite hinge panels. The torsional stiffness behavior in the
rear hinge section was evaluated the same way as in the single-hinge offset bend
test. In addition, the multihinge composites were integrated into the Third Arm
exoskeleton prototype (seen in Fig. 1) to replace the current carbon—Al hinge
system. A weight comparison is presented in Section 3.

Fig.9  Experimental setup for multihinge offset bend test
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Table 5 Weight identification

Load
N (Ib)
Bar 18.00 (4.05)
12.25 (2.75)
13.35(3.00)
21.13 (4.75)
22.25 (5.00)
37.81 (8.50)
111.21 (25.00)

Plate identification

oo g O w

Table 6 Weight selections for multihinge offset bend test

. . . . Load
Trial Plate identification N (Ib)
Bar + Plate D 40.26 (9.05)

Bar + Plate B, D 53.60 (12.05)
Bar + Plate A,B,D 65.83 (14.80)
Bar +Plate A,B,C,D  86.96 (19.55)
Bar + Plate C, D, E 100.31 (22.55)
Bar + Plate F 129.22 (29.05)

AN N AW =

3. Results

3.1 Single-Hinge Offset Bend Test

The plots of the offset bend test’s torque versus angle of twist for Designs 14 and
the carbon—Al hinge are presented in Fig. 10. The yield strength of the Al hinge
was reached during the first cycle; thus, only one cycle is shown. Each of Designs
1-4 exhibited some degree of nonlinearity across each cycle. For Designs 1, 2, and
3, Cycles 2—5 exhibit a noticeable deviation from Cycle 1, more so in the higher
deflection angles. This deviation in mechanical behavior from Cycle 1 to Cycles
2-5 is most likely due to the propagation of delamination from the shearing effect
that occurs during the first exposure to torsional loading. Notice no sudden drops
in torque were recorded. Cycles 2—5 show good repeatability of mechanical
behavior. The force threshold for each design case at 25.4 mm of displacement is
shown in Fig. 11.

The torsional stiffness was evaluated as a linear fit to the initial slope ranging from
0 rad to 0.05 rad. This is presented in Fig. 12 and Table 7 along with a comparison
of the numerical analysis from CLT. For application to the Third Arm exoskeleton
prototype, it is desirable to limit the amount of vertical deflection.

12
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Fig. 10 Torque vs. twist plots from offset bend test
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Fig. 11  Average force threshold for each design
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Fig. 12  Average torsional stiffness for each design

Table 7  Torsional stiffness for Designs 1-4 and Third Arm

Torsional stiffness (Nm/rad)

Design  Hinge configuration
Cycle 1 Cycles 2-5 % reduction

1 Kevlar, 1 ply, 152.4 mm wide, [£45°] 42.83 21.84 49.00
2 Kevlar, 2 ply, 152.4 mm wide, [£45°] 124.52 89.58 28.06
3 Kevlar, 3 ply, 152.4 mm wide, [£45°] 209.94 196.02 6.63
4 Kevlar, 2 ply, 76.2 mm wide, [+45°] 33.81 33.79 0.24
Carbon-Al  Aluminum 6061-T6 287.60 NA NA

The experimental and numerical model values for torsional stiffness are in good
agreement for Cycle 1 with the exception of Design 1. The out-of-plane to in-plane
shear-modulus ratio, Gxz:Gxy, 15 0.01:1 for Designs 1 and 4 and 0.005:1 for Designs
2 and 3, due to the influence the ratio of width to thickness has on Gxz:Gyy.
However, Design 1 has a significantly higher width—thickness ratio (102:1)
compared with Design 4 (33:1). This suggests the numerical approximation of
Gxz:Gxybeing 0.01:1 underestimates the torsional stiffness properties for high ratios
of width and thickness.

The variation in the force threshold between each cycle is relatively small across
all designs. At high angular deformation, the Al hinge has a one-time use as plastic
deformation occurs, as shown in the top row of images in Fig. 13. For the composite
hinges (bottom row), there is a reduction in stiffness after the first cycle (as shown
in Table 7 and Fig. 12). The single-ply hinge of Design 1 has the highest reduction
of 49% followed by Design 2 with a reduction of 28%. Designs 3 and 4 have a
marginal reduction in torsional stiffness after Cycle 1. In all designs, Cycles 2—-5
exhibit good repeatability in force-deflection behavior and torsional stiffness.
During and after testing there was no observed damage on the composite hinges,
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besides what occurred during the initial 90° bending to fit into the fixture. The
effects of composite-hinge ply count and width on average torsional stiffness across
Cycles 2-5 are as follows. Comparing Designs 1 and 2, doubling the ply count
results in a 4.1x improvement in stiffness. The 3-ply Design 3 demonstrates 9x
higher stiffness than Design 1 and 2.2x higher than Design 2. Lastly, the effect of
reducing the width in half from Designs 2—4 led to a 2.7% reduction in torsional
stiffness. Although none of the composite-hinge designs exceeded the torsional
stiffness of the carbon—Al hinge, the constituent properties of the composite hinge
can be tailored to achieve a desired stiffness. However, for the particular application
of interfacing a composite hinge with the Third Arm, there is a trade-off between
torsional stiffness and pliable out-of-plane bending. As reported by Rowbottom
et al,! a 3-ply hinge design results in a relatively high out-of-plane bending
stiffness. Therefore, an increase in ply count should not be considered for the
application of the Third Arm. The experimental data demonstrates that, with the
exception of Design 3, the force threshold at 25.4-mm displacement and the initial
torsional stiffness for each design case are considerably lower than the carbon—Al
hinge. Design 3 was also the only composite hinge able to withstand the minimum

design torque load of 37 Nm. Thus, three Kevlar plies were chosen for the
multihinge composite design.

Fig. 13  Offset bend test’s progression for a) carbon—Al hinge and b) composite hinge
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3.2 Multihinge Offset Bend Test

The force-deflection and torsional behaviors for the two multihinge design
variations are presented in Fig. 14. Each design case underwent the same loading
conditions as presented in Table 6; however, only Design 6 went through Trial 6.
Figures 15 and 16 show a visual comparison of the experimental testing that was
conducted on Trial 5 for Designs 5 and 6. From the experimental data, significant
vertical tip deflection occurred in Design 5, resulting in 48-mm deflection with
Trial 1 alone and 118 mm for Trial 5. In addition, shown in Fig. 15, significant
angular deformation occurred in the rear, rigid, carbon section that was pinned to
the test fixture. As discussed in Section 2.1, carbon plies were added to the rigid
sections of Design 6 to improve the torsional stiffness behavior in the rear panel
and to limit the vertical tip deflection. The Kevlar hinge’s length and ply count did
not change between Designs 5 and 6. Despite having a reduced width compared
with Design 5, the added carbon plies of Design 6 resulted in an average 28%
reduction in vertical tip deflection compared with Design 5. Design 6 was also able
to handle a 30% increase in maximum load (Trial 6) without failure.
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Fig. 14 Multihinge composite offset bend test’s results
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Rear Rigid Carbon
Section

Fig. 15 Multihinge offset bend test, force-deflection behavior of Trial 5 of Design 5

Figure 16 illustrates the significant improvement in the torsional stiffness in the
rear, rigid, carbon section. There is no visible angular deformation occurring in the
rear rigid panel; however, significant angular deformation is still present within the
hinge region, resulting in tens of millimeters of vertical tip deflection. Torsional
stiffness was calculated as a linear fit of 7/6 data for Trials 1-4. Design 5 stiffness
was 336.5 Nm/rad, and Design 6 stiffness was 323.8 Nm/rad. From the results
mentioned in Section 3.1, reduction in width significantly reduces composite
torsional stiffness. However, the multihinge test’s results demonstrated the ability
to maintain torsional stiffness despite the reduction in composite width through
increase in ply count in the rear, rigid, carbon section. This will allow for future
tailorability to achieve a more compact design for interfacing with the Third Arm.
The only damage observed in Designs 5 and 6 was delamination between the
Kevlar—PU in the rearmost hinge region. This damage was caused by the initial
bending of the hinge to a 90° angle to fit into the test fixture. No additional damage
was observed after testing.
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Fig. 16 Multihinge offset bend test, force-deflection behavior of Trial S of Design 6

3.3 Exoskeletal Application

After verifying the capability of the multihinge composite panel to withstand
various loading conditions, it was then integrated into the Third Arm exoskeleton
prototype as a demonstration platform. The existing series of carbon-laminate
plates and aluminum hinges were replaced by the continuous multihinge composite
as shown in Fig. 17. The image on top depicts a Soldier using an M4 carbine,
weighing approximately 3.2 kg (7.2 Ib). From experimental testing, the multihinge
composites demonstrated the capability to hold the load of an M4 carbine. Design 6
was interfaced with the Third Arm prototype as shown in Fig. 17. Replacement of
the existing series of carbon—Al hinge segments on the Third Arm with a continuous
multihinge composite panel reduces the number of parts, assembly time, and overall
mass. Table 8 lists the mass of each of the components. Retrofitting the Third Arm
with the multihinge panel resulted in a substantial reduction in mass of 50% for
Design 6 with approximately the same system performance for the M4 application.
The multihinge composites are stiffer in out-of-plane flexion than the free-rotating
Al hinges due to the 3-ply Kevlar composite and the epoxy that likely seeped into
the hinge region.!
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Design 6

Fig. 17 Integration of multihinge composite panel into Third Arm

Table 8 Comparison of masses of Third Arm and replacement multihinge composite panel

Third Arm Design 6 Design 6 Reduction

Components @ @ (%)
Composite 238.6 372.6 56.2
Al 373.7 0.0 100.0
Steel hardware 145.7 9.2 93.7
Total 758.0 381.8 49.6

4. Conclusion

This report demonstrated a method for manufacturing continuous fiber woven
composites with multiple alternating regions of rigid (epoxy) and flexible (PU)
segments. A novel testing method was designed to analyze the torsional stiffness
behavior in an offset bend test, where the composite hinge was bent to 90° and
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subjected to a vertical load. Numerical modeling through CLT accurately predicted
the torsional stiffness behavior of multi-ply hinged composites, but underestimated
the stiffness for a single-ply hinge. This was due to the model being dependent on
width-to-thickness ratio and the ratio of in-plane to out-of-plane shear modulus. For
comparison, the force threshold and torsional stiffness for the carbon—Al hinge off
the Third Arm and the composite-hinge designs (single-hinge segment) were
evaluated for low-cycle loading. After the first cycle, the Al hinge from the Third
Arm exhibited plastic deformation, whereas the composite-hinge design cases
demonstrated only relatively small changes in stiffness. The tailorability of the
torsional stiffness for single-hinge composites guided the design process for
multihinged composite panels. The multihinged composite panels were evaluated
through the offset bend test and demonstrated significant vertical tip deflection
under loading. Changes in the constituent properties of the multihinge composite
significantly reduced the tip deflection as well as being able to take on higher loads.
The ability to predict, design, and characterize torsional stiffness of these
composites allowed for interfacing the continuous multihinged composite panel
into the Third Arm exoskeleton prototype, thus reducing the segment weight by
50% and reducing complexity of the exoskeleton.

Future work: Improvements to the manufacturing method could prevent epoxy
from seeping into the tows of the flexible-hinge section, thus improving the out-of-
plane flexibility of the Kevlar hinge sections. 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. Chemical pretreatment of the
Kevlar fabric or selection of Kevlar fabric and TPU matrix with known
compatibility could improve adhesion of the Kevlar and TPU, potentially reducing
damage and increasing torsional strength. Additional carbon plies and/or novel
laminate-plate geometries will allow for further reduction in overall composite
width and vertical tip deflection of the multihinged composite, enabling a more
compact structure and better usability for heavier loads on the Third Arm.
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List of Symbols, Abbreviations, and Acronyms

2-D
Al
ARL
CCDC
CLT
DOF

NA

PTFE

PU

VARTM

two-dimensional

aluminum

Army Research Laboratory

US Army Combat Capabilities Development Command
Classical Laminate Theory

degree of freedom

length

not applicable

polytetrafluoroethylene

polyurethane

thickness

vacuum-assisted resin transfer molding

width
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