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Structural Design of a 6-DoF Hip Exoskeleton using Linear Series Elastic
Actuators

Xiao Li

(ACADEMIC ABSTRACT)

A novel hip exoskeleton with six degrees of freedom (DoF) was developed, and multiple
prototypes of this product were created in this thesis. The device was an upper level of
the 12-DoF lower-body exoskeleton project, which was known as the Orthotic Lower-body
Locomotion Exoskeleton (OLL-E). The hip exoskeleton had three motions per leg, which
were roll, yaw, and pitch. Currently, the sufferers of hemiplegia and paraplegia can be
addressed by using a wheelchair or operating an exoskeleton with aids for balancing. The
motivation of the exoskeleton project was to allow paraplegic patients to walk without using
aids such as a walker or crutches. In mechanical design, the hip exoskeleton was developed
to mimic the behavior of a healthy person closely.

The hip exoskeleton will be fully powered by a custom linear actuator for each joint. To date,
there are no exoskeleton products that are designed to have all of the hip joints powered.
Thus, packaging of actuators was also involved in the mechanical design of the hip exoskele-
ton. As a result, the output torque and speed for the roll joint and yaw joint were calculated.
Each hip joint was structurally designed with properly selected bearings, encoder, and hard
stops. Their range of motions met desired requirements. In addition, a backpack assembly
was designed for mounting the hardware, such as cooling pumps, radiators, and batteries.
In the verification part, finite element analysis (FEA) was conducted to show the robustness
of the structural design. For fit testing, three wearable prototypes were produced to verify
design choices. As a result, the weight of the current hip exoskeleton was measured as 32.1
kg.



Structural Design of a 6-DoF Hip Exoskeleton using Linear Series Elastic
Actuators

Xiao Li

(GENERAL AUDIENCE ABSTRACT)

Currently, patients who suffer from paraplegia are commonly treated with wheelchairs. How-
ever, the drawbacks of using wheelchairs introduced new medical challenges. One of the med-
ical issues is the decrease in bone density. To address these medical problems and increase
the quality of life of patients, lower-body exoskeletons are produced to assist with walk-
ing. To date, most of the current exoskeleton products require aids for balancing patients’
walking, and they don’t have fully actuated joints at the hip. As for the hip exoskeleton
introduced in this thesis, all of the hip joints will be powered. Also, this device was the
upper design of the Orthotic Lower-body Locomotion Exoskeleton (OLL-E), which aimed
to create a self-balancing exoskeleton with total 12 of lower-body joints powered. The final
goal of OLL-E is to assist the patient to walk at normal human speed without using aids.

This thesis discusses the process of designing a hip exoskeleton, which starts from require-
ments development to modeling and prototype tests. The conservative calculations and
assumptions made in this paper guided the structural design of the hip exoskeleton. The
robustness of the structures was ensured with rigorous finite element analysis. In the end,
wearable prototypes were produced to examine the fitting tests. Overall, this design of the
hip exoskeleton provided critical references for the future development of the OLL-E.
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Chapter 1

Introduction

Lower-body exoskeletons have become popular in the field of medical rehabilitation, or-
thotics, and human augmentation. As rehabilitation devices, several exoskeleton products
have been developed to help spinal cord injuries (SCIs) and strokes patients, such as Loko-
mat [14], ReWalk [15], and HAL [16]. For moderate SCI patients, exoskeletons can serve as
orthotics to aid in walking. Vanderbilt University developed the hip and knee joints, which
coupled orthosis with the hybrid functional electrical simulation (FES) approach to com-
mand position trajectories [17]. Another application of exoskeletons can be used to improve
human strength and endurance. However, the operators of these types of exoskeletons are re-
quired to be in good physical condition. The University of California, Berkeley produced an
exoskeleton named BLEEX, which improved the user’s strength and endurance for carrying
payloads during locomotion [3, 18].

The topic of this thesis is a part of the NSF funded research project, which is developing a
12-DoF, self-balancing, compliant lower-body robotic orthotic, known as the Orthotic Lower-
body Locomotion Exoskeleton (OLL-E). The hip exoskeleton is the upper level design of the
OLL-E and will be integrated with the lower level design. In this thesis, there was a total
of six DoF at the hip exoskeleton and three DoF per leg (roll, yaw, and pitch). Each joint
will be powered by a linear actuator.

1.1 Motivation

Limited mobility can be caused by many conditions, such as muscle contractions, cerebral
palsy, stroke, or polio syndrome. One of the most damaging and profound influences on
human lives is spinal cord injuries. Traumatic SCIs can be caused by any number of in-
cidents including motor vehicle accidents (36-48%), violence (5-29%), falls (17-21%), and
recreational activities (7-16%), and 10,000 new cases are reported every year in the USA
[19]. Furthermore, SCIs can result in paraplegia for patients and cause serious health ramifi-
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cations, such as decreased bone density, decreased muscle tone, obesity, and impaired bowel
and bladder function [15].

One common treatment for those who suffer from hemiplegia and paraplegia with mobil-
ity limitations is using a wheelchair. However, there are a set of new medical issues and
concerns for wheelchair-dependent users. These users spend most of their daily time sitting
on wheelchairs for mobility at home, school, work, and play. Upper extremity pain can be
developed due to chronic overuse of upper weight-bearing activities, which can lead to soft
tissue disorders and degenerative changes in the shoulder joints [20]. In addition, long-time
use of wheelchairs with seated position can lead to loss of the rate of bone density [21]
and pressure sores [22]. Research in the emerging field of exoskeletons has been directed at
addressing the medical challenges of traditional physical therapy.

The common purpose of lower-body exoskeletons is to provide aids for those patients with
limited mobility and improve their health and quality of life. However, most exoskeletons
today only actuate 4 to 8 DoF total and are not capable of balancing without the use of aids.
The drawbacks of using aids for balancing include increased burdens on upper body when
leaning some of the body weight, and the reduced ability of patients to perform manipulation
tasks. The overall NSF project of OLL-E will develop a 12-DoF fully actuated self-balancing
lower-body exoskeleton. With the novel mechanisms and compliant linear series elastic
actuators (LSEAs), each DoF of the exoskeleton will match with human joints, and a high
fidelity impedance control will be implemented on the whole lower body. The LSEAs can
provide compliant interaction during fore-controlled at each joint and walk with state-of-
the-art whole-body control techniques. In this thesis, the hip roll and yaw joints were both
force-controlled with custom linear actuators in addition to the pitch joint. The force control
of the yaw joint allowed for balancing control in the transverse plane of the exoskeleton. The
design of frame structures of the hip exoskeleton not only collocated exoskeleton and human
joints, but provided packaging designs for actuators.

1.1.1 Humanoids at TREC

In the TREC lab at Virginia Tech, there were three force-controlled humanoid robots: SAF-
FiR, the Shipboard Autonomous Firefighting Robot [23], THOR, the Tactical Hazardous
Operations Robot [24], and ESCHER, the Electric Series Compliant Humanoid for Emer-
gency Response [1]. These robots all had the high-performance design of LSEAs. The design
of LSEAs on THOR had a cantilevered beam as an elastic element, which paralleled with
high-precision ball screw, and was capable of exerting a peak load of 2225 N [2]. The custom
actuators design on OLL-E leveraged the experiences from the THOR’s LSEA design. The
most recent self-balancing humanoid robot, ESCHER, which participated the competition
DARPA Robotics Challenge (DRC) finals, was standing 1.78 m tall and weighing 77.5 kg
with 38 DoFs, as shown in Fig. 1.1 [1]. OLL-E will have the same number of powered DoF as
ESCHER’s lower body and have the similar configurations of the actuators as ESCHER had.
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The design of the OLL-E used some reference data from ESCHER including the powered
joint placements, segments masses, and inertias.

Figure 1.1: Overview of ESCHER’s degrees of freedom [1].

1.2 Literature Review

The research of lower-body exoskeletons can be traced back to the 1970s with the devel-
opment of a 6-DoF complete active exoskeleton at the Mihailo Pupin Institute in Belgrade
by Miomir Vukobratovic et al [25]. The joints were actuated by a large pneumatic double-
acting cylinder with a peak force of about 1100 N, and the joint positions were detected by
linear feedback potentiometers. This exoskeleton could only do gait walking on level ground
stabilized by supporting cranes.

Since the 1990s, University of Tsukuba started to develop Hybrid Assistive Limbs (HAL),
which currently has five generations [26, 27]. HAL-3 ad 4 researched on the abilities to
help disabled people regain normal activities. HAL-5 had both lower and upper body to
augment the operator’s strength and endurance. There were 3 DoFs per leg (hip, knee,
and foot, respectively), and only hip and knee joints were powered with actuators that
had DC Servo motor with harmonic drive [28]. The control method of HAL was to produce
muscle contraction torque following the operator’s intention by referring to the myoelectricity
(EMG) [28, 29, 30, 31, 32, 33, 34, 35, 36]. HAL-5 (Type-B) that had the same number DoFs
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as HAL-3 could hold and lift heavy objects up to 70 kg with a continuously operating time
of 2 hours 40 minutes [27].

Berkeley Lower Extremity Exoskeleton (BLEEX) was the first exoskeleton capable of inde-
pendent motion, and in the meantime, provided augmentation for the operator [18, 37, 38,
39, 40, 41, 42]. The BLEEX had 7 DoFs per leg: 3 DoFs at the hip, 1 DoF at the knee, and
3 DoFs at the ankle. However, only four of them were actuated: hip pitch and roll joints,
knee joint, and ankle pitch joint. The rest of DoFs were passive by using springs and elas-
tomers. The BLEEX design requirements were pseudo-anthropomorphic and developed by
using Clinical Gait Analysis (CGA) to achieve similar limb masses and inertias to a human.
Overall, the BLEEX could be driven by a 75 kg operator and walked at the average speed
of 0.9 m/s with 34 kg of payload. However, the actuators on the suit were hydraulic and
provided a massive density of power (2.27 kW) for regular walking [37].

There are other exoskeletons providing gait assistance and rehabilitation, such as Lokomat
and ReWalk. Lokomat provided a driven gait orthosis (DGO) for patients on an automated
treadmill training [14]. The patient was fixed to the device with respect to the moving
treadmill belt, and the hip and knee joints were controlled by a real-time system using a
physiological gait pattern. Rewalk was a lower-body exoskeleton that provided rehabilitation
for SCI patients [15]. The hip and knee joints were powered by DC motors with recharge-
able batteries while the operator could only walk using crutches for balancing. A tilt sensor
installed in the chest to sense the angle change of the torso, in order to generate alternat-
ing limb-coordinated motion. There are also several lower-body exoskeleton gait assistance
products in the world, such as ARKE from Bionik Laboratories, EXO GT from Exo Bionics,
REX from REX Bionics, and Phoenix from SuitX. Most of these exoskeletons were powered
only at hip and knee joints with one DoF, separately, and they all required aids for balancing.
Therefore, the development of OLL-E can be a breakthrough in achieving a better solution
to assisting patients without the use of aids through a full lower-body self-balancing control.

1.3 Thesis Organization

This thesis mainly focuses on the developments of the architecture of the hip exoskeleton,
which will be integrated with the lower level of the OLL-E. Chapter 2 contains the leaf spring
analysis for the series linear actuator. Chapter 3 discusses the development of requirements
of joints for OLL-E. Chapter 4 provides the mechanical designs for each joint at the hip,
actuators packaging, and the design of the external backpack. Chapter 5 includes finite ele-
ment analysis of some critical parts, bolts preload documentation, and tests with 3D printed
wearable prototypes. Chapter 6 is a conclusion of this thesis including the recommendations
of improving the design of the hip exoskeleton, and the future work can be done for the
whole project.
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Chapter 2

Contributions to Actuators Design

2.1 Leaf Spring Analysis

Currently, applications of SEAs are widespread in the field of robotics. The benefits of SEAs
include high force fidelity, energy storage, low impedance and high force control bandwidth
[43, 44, 45]. In addition, cantilevered springs have been used on numerous actuators as
compliant elements [46, 47, 48]. The humanoid robots THOR and ESCHER at the TREC
lab of Virginia Tech both have installed Linear Series Elastic Actuators (LSEAs) that had
an elastic component between the actuator and the base [2, 1]. The elastic element was
made of Titanium Ti-6Al-4V (Grade 5) acting as a cantilever beam. The titanium spring
was mounted parallel to the linear actuator and connected with a lever arm, as shown in
Fig. 2.1. This LSEA was designed by previous TREC member, Coleman Knabe. A load
transmission was going from the ball nut to the center of the universal joint attached to the
lever arm. This load was going to force the titanium beam in pure bending [2]. The peak
force for the THOR hip LSEA was recorded as 2225 N with compliant 372 kN/m spring
stiffness rate [2].

Figure 2.1: Rendering of the THOR Hip LSEA [2].
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For this exoskeleton project, a single-motor LSEA could provide a maximum of 4649.7 N
input load, which was about twice as much as the peak force from the THOR LSEA. Thus,
a new design of a leaf spring was required to provide the compliance for the amount of load.
The basic requirements for the design of the leaf spring were that the spring would not yield
under 4649.7 N load and have enough compliance for energy storage.

The material of the leaf spring was determined to be Titanium Ti-6Al-4V (Ti Grade 5),
Annealed because it has high strength and is well-known for use in applications subject to
high-stress field [49]. According to the datasheet from MatWeb, the yield strength of Ti
Grade 5 is 880 MPa, and the shear strength is 550 MPa [4], as shown in Table 2.1. In this
section, four cases were analyzed to help determine the design of the leaf spring. One of the
difficulties was to find out the dimensions of the leaf spring to meet the requirements. An
EXCEL table was created with built-in equations to explore the results of different sizes of
springs. Since there were three variables (span, width, and thickness), two variables needed
to be fixed. The width of the spring could be set because it depended on the attached
universal joints width, which was 40 mm. The span length and thickness of the spring
needed to be attempted by trial and error. However, according to the maximum bending
stress equation (2.1) and moment of inertia equation (2.2), it was easy to find out that the
thickness of the beam’s cross-section had a critical effect on the result of the bending stress.
Thus, fixing the thickness of the beam first could help reduce significant change on the effect.
For the compliance, the elastic stiffness of the leaf spring system ideally needed to achieve
500 N/mm.

fb−max =
Mc

I
(2.1)

I =
bt3

12
(2.2)

where M was the maximum bending moment, c was half of the beam thickness, I was the
moment of inertia of beam section area, b was the width of the beam, and t was the thickness
of the beam.

Table 2.1: Property of Titanium Grade 5 [4]

Property Value
Tensile Yield Strength 880 MPa

Density 4.43 g/cm3

Shear Strength 550 MPa
Modulus of Elasticity 113.8 GPa

Shear Modulus 44.0 GPa
Poisson’s Ratio 0.342

6



Simple Cantilever Beam

The first case was a simple cantilever beam with one end fixed. A concentrated force was
applied on the free end. Fig. 2.2 shows the leaf spring free body diagram (FBD) of the
first case. The equation to determine the maximum deflection was shown in Eq. 2.3. The
results of Case 1 are shown in Table 2.2. The highlighted row shows the limitation of the
span length before the beam fails.

Figure 2.2: Configuration of simple cantilever beam in loading.

δmax =
Pl3

3EI
(2.3)

where δmax is the maximum deflection of the beam, P is the concentrated load at the end of
the beam, l is the span length of the beam, and E is the elastic modulus of the titanium.

Table 2.2: Results of simple cantilever beam

l (mm) b (mm) t (mm) P (N) δmax (mm) fb−max (MPa)
...

...
...

...
...

...
115 40 10 4649.7 6.214 802.07
120 40 10 4649.7 7.060 836.95
125 40 10 4649.7 7.980 871.82
130 40 10 4649.7 8.977 906.69

...
...

...
...

...
...
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Simple Supported Beam

The second case added a simple support after the fixed end of the beam. This could increase
the stiffness of the beam. In order to increase the deflection, the thickness of the beam
needed to be reduced. The thickness of this case was 8 mm. The FBD of the configuration
of the beam is shown in Fig. 2.3. The distance a between the support and fixed end was
small, so the deflection in this section could be negligible.

Figure 2.3: Configuration of simple supported beam in loading.

The reaction force at the fixed end of the beam was:

R1 =
3P (l − a)

−2a
(2.4)

The reaction force at the simple support was:

R2 = P +
3P (l − a)

2a
(2.5)

The reaction moment at the end of beam was:

M0 =
P (l − a)

−2
(2.6)

The deflection of the beam, δ could be derived in term of the length of beam, x:

EIδ =
−R1x

3

6
− R2(x− a)3

6
+
M0x

2

2
(2.7)
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From Eq. 2.7, the maximum deflection of this beam would happen at the end of the beam.
The results of this beam configuration are shown in Table 2.3. The highlighted row indicates
that the beam did not achieve the desired deflection before fail.

Table 2.3: Results of simple supported beam

l (mm) b (mm) t (mm) a (mm) P (N) δmax (mm) fb−max (MPa)
...

...
...

...
...

...
...

75 40 8 5 4649.7 2.884 762.84
80 40 8 5 4649.7 3.535 817.33
85 40 8 5 4649.7 4.277 871.82
90 40 8 5 4649.7 5.117 926.31
...

...
...

...
...

...
...

Z-shaped Spring

The third case was a Z-shaped configuration that had uniform cross section area with one
end fixed, as shown in Fig. 2.4. The span length of OB and AC were assumed to be
the same. The arm length of AB should be short in order to minimize the size of the whole
configuration. The additional deflection at B gave an advantage of increasing the compliance
of this configuration.

Figure 2.4: Configuration of Z-shaped spring in loading.

By superposition theorem, the deflection at C in x-axis was composed of two parts: the slope
due to the force, P and moment, MB, and the deflection due to moment, MA. The deflection
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at C in y-axis was superposed by the deflection of OB section, compression of AB section,
and the deflection of AC section.

For OB section, the deflection in y-axis at B due to force, P was calculated as:

4yP =

[
Px2

6EI
(x− 3l)

]
x=l

=
−Pl3

3EI
(2.8)

The deflection in y-axis at B due to moment, MB = −Pl, was expressed as:

4yMB
=

[
MBx

2

2EI

]
x=l

=
MBl

2

2EI
(2.9)

Thus, the total deflection at B in y-direction by superposition theorem was:

4yOB = 4yP +4yMB
(2.10)

The slope, θB at B due to deflection was calculated as following:

θB =

{
d

dx

[
Px2

6EI
(x− 3l) +

MBx
2

2EI

]}
x=l

=

[
Px

6EI
(3x− 6l) +

MBx

EI

]
x=l

=

{
l

2EI
[−Pl + 2MB]

}
(2.11)

For AB section, the deflection in y-axis due axial load was calculated as:

4yAB =
−Pl
EA

(2.12)

The deflection in x-axis due to moment at A, MA = −Pl was shown as:

4xAB =

[
MAx

2

2EI

]
x=l

=
MAl

2

2EI
(2.13)

The slope at A, θA due to the moment was expressed as:

θA =

[
d

dx

(
MAx

2

2EI

)]
x=l

=
MAl

EI
(2.14)
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For AC section, the deflection in y-axis due to load, P , was shown as following:

4yAC =
−Pl3

3EI
(2.15)

Therefore, the deflection of point C from nominal was:

4Cx = 4xAB + h sin(θB) (2.16)

4Cy = 4yOB +4yAB +4yAC + h[1− cos(θB)] + l sin(θA) (2.17)

The overall magnitude of the deflection of point C was:

δmax =
√
4C2

x +4C2
y (2.18)

Eq. 2.1 was used to calculate the maximum bending stress, which happened at fixed point
O. The results from different span lengths is shown in Table 2.4.

Table 2.4: Results of Z-shaped spring

l (mm) b (mm) t (mm) h (mm) P (N) δmax (mm) fb−max(MPa)
...

...
...

...
...

...
...

40 40 10 20 4649.7 1.650 557.96
45 40 10 20 4649.7 2.273 627.71
50 40 10 20 4649.7 3.035 697.46
55 40 10 20 4649.7 3.950 767.2
60 40 10 20 4649.7 5.032 836.95
65 40 10 20 4649.7 6.296 906.69
...

...
...

...
...

...
...

L-shaped Spring

The fourth case was an L-shaped configuration (Fig. 2.5), which was inspired by the leaf
spring design from the THOR [2]. The entire configuration had uniform cross section area.
The height of arm AB was 48 mm due to the size limit of the universal joint attached to the
arm. The linear actuator that was parallel to the leaf spring axially loaded on the center of
the universal joint. The deflection of point B was combined by the elongation of section OA
in x-direction and the vertical deflection of section OA in y-direction.
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Figure 2.5: Configuration of L-shaped spring beam in loading.

The elongation of section OA was calculated as:

4xOA =
−Pl
EA

(2.19)

The deflection of section OA due to the moment load at A, MA = −Ph was:

4yOA =

[
MAx

2

2EI

]
x=l

=
MAl

2

2EI
(2.20)

The slope, θ at A due to the moment load was:

θ =

[
d

dx

(
MAx

2

2EI

)]
x=l

=
MAl

EI
(2.21)

Therefore, the deflection of point B from nominal was:

4Bx = 4xOA + h sin(θ) (2.22)

4By = 4yOA + h[1− cos(θ)] (2.23)

The overall magnitude of the deflection of point B was:

δmax =
√
4B2

x +4B2
y (2.24)

The critical position of this design happened at the wall, O. Since this configuration had a
fixed length of the arm AB, the moment load at the A was constant during the change of
the beam’s span length. Table 2.5 shows the results of deflections and bending stress of the
leaf spring with different span lengths. Note that the highlighted row achieved an elastic
stiffness of 522 N/mm.
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Table 2.5: Results of L-shaped spring

l (mm) b (mm) t (mm) h (mm) P (N) δmax (mm) fb−max(MPa)
...

...
...

...
...

...
...

90 40 8 48 4649.7 6.985 523.09
95 40 8 48 4649.7 7.577 523.09
100 40 8 48 4649.7 8.197 523.09
105 40 8 48 4649.7 8.844 523.09
110 40 8 48 4649.7 9.518 523.09

...
...

...
...

...
...

...

Summary

Table 2.6 compares different properties of these cases, such as volume, weight, and factor
of safety. Each case experienced the same input load, which was 4649.7 N and achieved
the same amount of deflections. Case 4 (L-shaped spring), which had the highest safety of
factor in the yield strength, was the most competitive among these cases. In addition, the
L-shaped spring had the smallest size and the lightest weight among these cases. Therefore,
the L-shaped spring configuration was the wise choice that had a strong structure and a
small packaging size for providing the desired compliance.

Table 2.6: Summary of Four Cases

Properties Case 1 Case 2 Case 3 Case 4
Volume (cm3) 52.6 34.87 119.39 34.67
Weight (kg) 0.233 0.16 0.529 0.15

Deflection (mm) 9.29 9.29 9.29 9.29
F.S. yield 0.942 0.777 0.846 1.682

2.3 Universal Joint

The use of the universal joints (U-joints) on the actuators was inspired from the applications
in THOR. THOR has used a variety of universal joints [2]. The universal joints on THOR
were custom made in-house. Fig. 2.6 shows a universal joint configuration of the upper ankle
on THOR. The universal joints were attached at the end of each actuator on THOR. The
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primary function was to constrain the actuation force to be an axial load acting along the
center axis of the ball screw. According to the CAD model of THOR, the size of the universal
joints at different positions varied from 35 mm to 44 mm lengthwise. Since these universal
joints were only used for actuators rated as 2225 N peak force, a new type of universal joint
was required for a single-motor actuator with calculated 4649.7 N peak input force and a
dual-motor actuator with calculated 6730 N peak input force. Instead of machining many
of the universal joints in-house, off-the-shelf products were used to save machining time.

Figure 2.6: The universal joints on humanoid robots in TREC lab

Load test

A manufacturing company, named Hangzhou Speedway Import & Export Co., Ltd., had a
proper size of one type of universal joint. As shown in Fig. 2.7, the universal joint was
mainly composed of three parts: caps, needle bearings, and a cross. The size of the U-joint
was 16 mm x 38 mm, and the cost was only 5.2 dollars per piece [50]. With the rated torque
of 120 Nm, the maximum radial load due to an axial force acting on the needle bearing was
calculated to be approximately 6.32 kN. Thus, the total allowable axial load acting at the
center of the universal joint was 12.64 kN. This number was much greater than the peak
loads of both the single-motor and dual-motor actuators. However, experimental tests were
required to prove the strength of this product further.
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Figure 2.7: Product of the universal joint

Compression load tests were conducted with an Instron machine on universal joints. The
universal joint was tested separately with aluminum and steel supports. As shown in Fig. 2.8,
a movable crosshead was controlled to move down with a constant speed and continuously
apply a compression load at the center of the universal joint until breaking the U-joint. Fig.
2.9 shows a broken universal joint after Instron test.

Figure 2.8: Instron Machine Test. Aluminum supports at left and steel supports at right.
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Figure 2.9: A failed universal joint.

The load that Instron applied versus the displacement of the crosshead was monitored by the
computer. The plots from the computer are shown in Fig. 2.10. The point of F shows where
the universal joint failed, and point of M shows where the universal joint started to yield. A
summary of compression forces and axial stresses tested for different supports are shown in
Table 2.7. As shown in the table, the yield forces required to deform the universal joint for
either support were much greater than the peak load of a dual-motor actuator. Therefore,
this experimental test proved that the universal joint was strong enough to support the input
loads from actuators.

Figure 2.10: Stress vs. crosshead displacement plot (printed from the Instron computer).

16



Table 2.7: Summary of the test results of the U-joint

Steel support Aluminum support
Ultimate Compression (N) 42,529.207 38,101.936

Ultimate Stress (MPa) 54,149.9 48,512.9
Yield Compression (N) 23,963.299 19,192.088

Yield Stress (MPa) 30,511.039 24,436.13

Universal joints at Hip roll and yaw

The hip roll and yaw joints were both powered by a single-motor actuator, separately. At
each end of the actuator, the universal joints were supported by yokes to connect the actuator
to the frame of the exoskeleton, as shown in Fig. 2.11. The size of yokes that were used to
package the universal joints were profoundly affected by the range of operating angles. The
operating angles of universal joints can be determined when the range of motions of each
hip joint is defined. THOR had a variety of universal joints with a wide range of operating
angles [2]. However, the joints of hip exoskeleton had very limited range of motions based on
healthy human behaviors. This highly affected the range of angles of universal joints. The
other affecting factor is the way actuators are placed. The details of packaging actuators
and universal joints will be discussed in Chapter 4.

Figure 2.11: Universal joints attached to single-motor actuators in CAD models. From left
to right: hip yaw actuator, hip roll actuator.
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Chapter 3

Exoskeleton Requirements
Development

3.1 Human Data Research

The requirements for OLL-E were to allow for safe and comfortable operation of the ex-
oskeleton. Therefore, the exoskeleton should be anthropomorphic and kinematically similar
to a human. In order to achieve an optimal design, a deep understanding of human data
was essential.

Human walking has two requisites [51]: One is that there is a periodic gait movement of each
foot from one position to the next; The other one is that there are sufficient ground reaction
forces during walking to support the body. Any form of bipedal walking is not possible
without these two elements [52, 53]. Many papers have discussed the gait cycle of human
walking [52, 54, 55, 56, 57]. Human walking can be considered as repeated cyclic patterns
of movement. With the assumption of the same successive cycles, a single gait cycle can
represent the pattern of human walking [52]. There are two main phases [54]: about 60% of
the gait cycle is the stance phase, which means most of the time the foot is in contact with
the ground; The left 40% is swing phase, which begins when the toe starts off the ground
and stops when the swinging foot contacts the ground.

3.1.1 Range of Joint Motion

OLL-E will have 12 degrees of freedom in total and 6 degrees of freedom on each leg. These
DoFs will include: hip with yaw, roll and pitch joints; knee with a pitch joint; ankle with
pitch and roll joints. Fig. 3.1 describes different joints rotations of a human lower body. In
order to develop the design requirements, understanding the range of these joints rotations
was critical. The human joints movements change with age and are more restricted in the
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older age group [5]. A. Roaas focused on healthy male subjects that were 30-40 years old
based on 210 hips and 180 knees and 192 ankle joints [5]. W.G. Allread had a sample of
a 40-year old age group of 100 males and 100 females [6]. B. Appleton shows the range of
mobilities in the perspective of stretching exercise [7]. The range of each joint mobility could
be estimated by taking the smallest lower and upper bounds of the range in these tables.
This was a safe estimation for not harming the operator caused by exceeding the limits of
motion. Therefore, a summary of defining the joints motion is shown in the following Table
3.1.

Figure 3.1: Joint motion of human lower body
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Table 3.1: Range of motion (deg.) of the hip, knee and ankle joints. Data was summarized
from Table [5], [6], and [7]

Joint Motion Range
Hip Extension 0 - 30

Flexion 90 - 130
Abduction 15 - 50
Adduction 15 - 30

Internal rotation 20 - 40
External rotation 10 - 45

Knee Extension 0 - 10
Flexion 87 - 122

Ankle Platarflexion 5 - 20
Dorsiflexion 10 - 45
Abduction 11 - 20
Adduction 15 - 30

3.1.2 Body Segments

The study of human body segment parameters (BSP) has been developed by many genera-
tions of researchers. One of the earliest studies can be traced back to 1860 by E. Harless, who
did the first dissection of cadavers [58, 59]. The pioneering works developed by W.Dempster
and C. Clauser have also been commonly cited for studying anthropometrics and biome-
chanics [60, 58, 61]. W. Dempster did extensive examinations on eight male corpses and
determined mass, the center of mass location and moment of inertia values of major body
segments [60, 58]. Furthermore, one of the great contributions he did was developing tradi-
tional proportional methods for computing body segment parameters for 2-D analyses [62].
The proportional methods included the segment mass and the segment center of gravity.
The lengths of body segments were also estimated by W. Dempster and coworkers [60, 63].
The segment lengths were further expressed as a percentage of the body height [64, 9, 8].
Table 3.2 summarizes the lower body segment lengths expressed as a fraction of body height
H. The data was gathered and adapted from [9, 65, 8].
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Table 3.2: Lower body segment lengths expressed as a fraction of body height H. Data was
gathered and organized from [8, 9].

Segment Formula
Thigh length 0.245H
Shin length 0.246H
Foot length 0.152H
Foot height 0.039H

Lower leg length 0.285H
Total leg length 0.530H

The mass of each body segment could be estimated using proportional methods developed
by W. Dempster. The standard calculation of finding segment masses was multiplying the
total body mass by the proportion that each segment accounted for the total mass [62]. Note
that these ratio values derived by W. Dempster were mainly used for adult males. The sum
of all the ratio values must be equal to 1. The equation of calculating segment mass could
be directly expressed as following [62]:

ms = Psmtotal (3.1)

where mtotal was the total body mass, and Ps was the segment’s mass proportion. The
summation of proportion values, Ps was expressed as following [62]:

S∑
s=1

Ps = 1 (3.2)

where S was the total number of body segments, and s was the segment number. The
lower body segment masses are summarized in the Table 3.3. The mass data was derived
from W. Dempster in 1955, and then has been adjusted and compiled by several researchers
[60, 63, 62, 9].
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Table 3.3: Lower body segment masses expressed as a fraction of body weight M . Data was
gathered and organized from [9]
.

Segment Definition Fraction Formula
Foot Lateral malleolus/head metatarsal II 0.0145M
Shin Femoral condyles/medial malleolus 0.0465M

Thigh Greater trochanter/femoral condyles 0.1M
Lower leg Femoral condyles/medial malleolus 0.061M
Total leg Greater trachanter/medial malleulus 0.161M

Another BSP as a valuable reference for designing the lower body exoskeleton was the center
of gravity (CoG). The center of gravity and center of mass (CoM) were in essentially the
same locations and were interchangeable in the field of biomechanics [62]. The CoG was the
point where the motionless body would stay balanced. In order to quantify the CoG, body
segments were assumed to be rigid, and the shape and structure could be ignored [62]. In
1955, W. Dempster developed the formulas that expressed the distance from each endpoint
of a segment to that segment’s CoG as a fraction of the segment’s length [60, 62]. The
proportion formulas are shown below [62]:

Rproximal =
rproximal

L
(3.3)

Rdistal =
rdistal
L

(3.4)

where rproximal and rdistal were the distances from proximal and distal ends to the segment’s
CoG, respectively. L was the length of the segment. The percentages of the CoG distance
from either the distal or the proximal end have been organized and compiled by several
investigators, as shown in Table 3.4 [9]. Note that the segments definitions in Table 3.4 were
the same as Table 3.3.

Table 3.4: Lower body segment distance proprotions of CoG in relation to segment endpoints.
Data gathered and organized from [9].

Segment rproximal/L rdistal/L
Foot 0.50 0.5
Shin 0.433 0.567

Thigh 0.433 0.567
Lower leg 0.606 0.394
Total leg 0.447 0.553

22



Another important parameter was the width between hip joints, known as pelvic width.
In order to mimic the hip roll motion, the design of hip roll joints should be close to the
location of human hip joints. Knowing the pelvic width could help define the primary size
of the hip exoskeleton. There were a few papers related to the pelvic width [11, 10, 12].
The pelvic width was the distance between the centers of the right and left femoral heads
[12]. The other general definition of the pelvic width was defined as the distance between
the two anterosuperior iliac spines [66]. S. Cho collected data from 98 Korean adults (47
females and 51 males), and the pelvic width was determined by the distance between the
bilateral pelvic markers [10]. The subjects from G. K. Seidel’s experiments were 65 adult
cadavers (35 females and 30 males), and measurements were taken from bony landmarks
of de-fleshed pelves [11]. G. Daysal used radiographic parameters from 118 patients who
underwent supine abdominal radiography to define the pelvic widths [12]. The pelvic widths
determined from these results had a wide variance, as shown in Table 3.5. The variation
might be caused by factors of experimental subjects and environments. In order to better
estimate the pelvic width, a wearable prototype can be helpful. The prototype was built
and discussed in the next section.

Table 3.5: Pelvic width (cm) of different experimental results. Data was collected and
organized from [10, 11, 12].

Subjects Mean (SD)
98 Korean adults 26.4 (2.3)
65 adult cadavers 23.8 (1.7)
118 adult patients 20.7 (1.0)

3.2 Lower-Body Exoskeleton Prototype

In order to test the functionalities of all joints’ configurations, a full 12-DoF lower body
exoskeleton prototype was developed. The goal was to make the whole architecture kine-
matically similar to a human’s. The natural design of all the DoF axes should pass through
the corresponding human joints. The materials used for building the structure were mainly
8020 aluminum t-slotted extrusions.

3-DoF design at the hip

The design of the 6-DoF at the hip was inspired from BLEEX, as shown in Fig. 3.2 [3]. The
objective of the BLEEX exoskeleton was to assist the operator to carry heavy payloads over
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rough terrain or up staircases. BLEEX could not let all three axes of rotation pass through
the human hip joint because this would result in singularities at some hip postures. Only
hip pitch and roll joints were actuated, and the yaw joint was passive. For hip yaw joint,
BLEEX changed the initial design by moving the rotation axis above the pitch joint (labeled
“Hip yaw (option 2)” in Fig. 3.2) to the back of the center of the frame (labeled in “Hip yaw
(option 1)” in Fig. 3.2). The reason was that the heavy payloads on the backpack would
create a large moment about the “Hip yaw (option 2)”.

Figure 3.2: BLEEX 6-DoF design at the hip (left picture) [3] and a human model with
options of placing hip yaw joint (right picture).

As for OLL-E, the hip yaw was powered by a linear actuator. As shown in the right picture
of Fig. 3.2, the placement of hip yaw joint in option 2 was very close to the hip pitch joint.
This placement let both the hip pitch and hip yaw joint set on the side of the human leg.
Therefore, this configuration of the hip yaw joint could closely mimic the motion of the
human leg. The other problem for placing the hip yaw joint at the back of the frame was
a lack of space for packaging a linear actuator when hip roll actuators come in play. In the
end, the first prototype design of the hip pitch and yaw joints was shown in Fig. 3.3. The
right picture shows the hip pitch and yaw joints built by 8020 aluminum one-inch square
extrusions with pivots. The left picture shows the CAD model based on dimensions from
the prototype.
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Figure 3.3: Prototype design of hip pitch and yaw joints.

The placement of the roll joint was at the back of the human hip, so the rotation axis passed
through the hip ball and socket joint. However, the difficulty was to match the exoskeleton’s
roll joints closely with the operator’s. As mentioned in Section 3.1, the pelvic width of
human defined the distance between the center to center of the hip joints. At first, the joints
distance was estimated by measuring the focal distance of the hip breadth. After several
people experimentally wore the prototype, the initial measurement of the joints distance
worked well for people’s roll joints movement. Fig. 3.4 shows the prototype of the hip roll
joint and its simplified dimensioned CAD. The estimated width of the roll joints was 203.2
mm, which was close to the result from [12]. Thus, 207 mm of the pelvic width in [12] could
be a good reference for the hip roll joint design.

Figure 3.4: Prototype design of the hip roll joints.

Knee and ankle joints

The knee joint of the exoskeleton only had one degree of freedom, which had a large range
of flexion motion. The joint location should match with the operator’s knee joint. The
prototype of the knee joint and its CAD are shown in Fig. 3.5. The length of the upper
leg and lower leg were adjustable by moving the locking bracket and knee joint position,
separately. As for the design of the ankle, it had two DoF (pitch and roll). Similarly to
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the design of hip joints, the axes of ankle pitch and yaw should pass through the operator’s
ankle joint. The foot plate had a passive movable hindfoot joint used for toe-off. Fig. 3.6
shows the prototype design of the ankle joints and the foot plate.

Figure 3.5: Prototype design of the knee joint.

Figure 3.6: Prototype design of the ankle and the foot plate.

Prototype test

The wearable prototype of 12-DoF lower-body exoskeleton was built with the adjustability
feature for the hip breadth and the length of the upper and lower leg so that this prototype
could be worn by different sizes of people. Fig. 3.7 shows the full size of the exoskeleton
prototype and the CAD model. The prototype was hanging by mounting on a gantry. As
shown in Fig. 3.7, people could wear it through the waist and shoulder belts and the custom-
made harnessing at the upper and lower legs and foot plates. The waist and shoulder belts
were bought off the shelf. The upper and lower leg harnessing was made by sewing multiple
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Velcro strips together with a cloth. The foot harnessing was made by straps with buckles
on forefoot and midfoot.

Figure 3.7: Prototype of 12-DoF lower-body exoskeleton.

Fig. 3.8 shows a full gait cycle by wearing the exoskeleton prototype. The operator was doing
a normal walking in a straight line for about 8 seconds. The walking was video recorded
with a frame rate 31.5 Hz. In addition, a variety of postures were tested when wearing the
prototype as well. Those poses were made by the operator self-balancing without supports,
as shown in Fig. 3.9. In the end, the operator could feasibly walk around corners and in
circles. The results of postures and walking tests showed that there were no singularities at
this configuration of 12 DoF. Therefore, this prototype provided an important reference for
future designs of joint configurations.

Figure 3.8: 100% gait cycle walking with the exoskeleton prototype.
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Figure 3.9: Postures test with the exoskeleton prototype.

3.3 Theoretical Analysis

The mechanical design of OLL-E was from scratch. The mechanical requirements for each
degree of freedom were initially unknown. Defining the requirements of each DoF would
be the priority before approaching the design of the frame structures. Therefore, some
assumptions and limitations were needed, in order to proceed the analysis of requirements.

One of the critical assumptions was estimating the properties of the whole exoskeleton. This
assumption was made based on ESCHER, which was a humanoid robot built in TREC lab
at Virginia Tech [1]. It had total a weight of 77.5 kg and 1.78 m of height in standing. The
motions of ESCHER lower body was kinematically anthropomorphic, so it was reasonable
to assume that the lower-body exoskeleton could have similar properties. Table 3.6 lists
ESCHER properties that were used in further analysis.
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Table 3.6: ESCHER’s mechanical properties. Data was gained from ESCHER CAD model.

Lower-body segments rproximal (m) Mass of segments (kg)
Thigh 0.207 7.1064

Lower leg 0.165 6.6896
Foot 0.0436 1.798

Total leg 0.2873 13.796

Body segments assumptions

The total weight of the operator and the exoskeleton were limited to 150 kg. Thus, the
operator weight could be inferred as 75 kg given 75 kg of the exoskeleton. The height of the
operator was limited to 1.85 m. Based on ESCHER’s mass distribution, the hip and upper
body mass budget was 47.4 kg. By using the W. Dempster’s proportional technique (Section
3.1), the properties of the lower body segments could be estimated, as shown in Table 3.7.

Table 3.7: Segments properties of a 1.85 m, 75 kg human operator.

Segments Length (m) Mass (kg) rproximal (m)
Thigh 0.45325 7.5 0.19625

Lower leg 0.52725 4.575 0.31951
Foot 0.2812 1.0875 0.1406

Whole leg 0.9805 12.075 0.43828

The positions of CoGs of combining exoskeleton and human legs needed to be calculated to
help analyze the torque loads at each joint. The masses and CoGs in Table. 3.6 and 3.7
could be used to determine the CoG positions of whole leg, lower leg and foot, and foot,
respectively. The formula used for determining CoG relative locations was shown as follows:

x =

∑n
i=1mixi
M

(3.5)

where mi was the mass of the ith section, xi was the distance from CoG to the the same
proximal of ith section, and M was the total mass of sections. For example, the equation
for finding the distance of total leg’s CoG to the proximal end was calculated as:

xleg =
mElegxEleg +mHlegxHleg

mEleg +mHleg

(3.6)
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where mEleg was the mass of the lower body of the exoskeleton, xEleg was the relative distance
of CoG to the proximal end, and mHleg was the mass of the whole leg of the operator. The
properties of combining the operator and the exoskeleton lower bodies were shown in Table.
3.8.

Table 3.8: Properties of combining the operator and the exoskeleton

Segments rproximal (m) Total mass (kg)
Whole leg 0.35779 25.871
Lower leg 0.23622 11.2646

Whole foot 0.08015 2.8855

Joint loads analysis

The purpose of finding loads at each joint was to guide the selections of bearings and struc-
tural designs. The methods of estimating loads at each DoF were complicated and were
not trivial, especially when considering dynamic motions. The circumstances of dynamics
are hard to be simulated because human behaviors are random and hard to be predictable.
Instead, using static situations to estimate loads could be much simpler. However, static
estimations should be conservative, in order to better take care of dynamic conditions to
some extent.

There were two extreme cases of static postures for determining maximum moment load
at each joint: one was leg abduction, and the other one was leg flexion. These postures
were both assumed to have 90◦ rotating away from standing position because this angel
could give the longest moment arm. The moments were determined from a 3g force of the
total weight of the operator leg and the exoskeleton leg. Another extreme situation was
that the operator stood on one leg, and the whole body weight of the system acted on this
one leg at a 3g load. In this situation, the maximum load force acted on each hip joint
was 4500 N. Although leg abduction might not have a 90◦ of motion in real design criteria,
this assumption was conservative and convenient for calculating loads given the unknown
range of motions. The actual loads on joints were adjusted after the range of movements
were finalized. The addition of a 3g load was a conservative assumption, which was used to
accommodate to dynamic situations.

The load analysis was conducted based on the body segments data in Table. 3.8 and the
prototype CAD model made in Section 3.2. Use hip roll joint calculations as an example to
show the process of finding the moment loads at each joint. Fig. 3.10 shows the extreme
cases of the leg abduction and flexion at 90◦, respectively. The CoG of the whole leg of the
human and exoskeleton was at a distance of DP from the pitch joint. In order to find the
moment reaction at roll joint, the distances (Dx, Dy, and Dz) in three axes directions were
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used for calculations.

Figure 3.10: Extreme cases of leg abduction and flexion postures.

The moment reactions for hip abduction and flexion at the roll joint in x, y, and z axes
directions could be calculated, respectively, as follows:

MAbd
x = FzDy + FyDz (3.7)

MAbd
y = Fz(Dx +Dp) + FxDz (3.8)

MAbd
z = FxDy + FyDx (3.9)

MFlex
x = Fz(Dy +Dp) + FyDz (3.10)

MFlex
y = FzDx + FxDz (3.11)

MFlex
z = FxDy + FyDx (3.12)

Assuming that there were no other external loads in x-axis and y-axis, and Fz = W was only
caused by the weight of the whole leg in the z-axis. Therefore, by using the equations above,
the results of reacting moments and forces at each joint were summarized in Table 3.9.
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Table 3.9: Extreme cases of two static postures results of moments and reaction forces

Extreme leg abduction Extreme leg flexion
DoF Axis direction 3g*Force (N) 3g*Moment (Nm) 3g*Force (N) 3g*Moment (Nm)

Hip roll
x 0 95.036 0 367.459
y 0 311.101 0 118.014
z 761.384 0 761.384 0

Hip pitch
x 0 0 0 90.808
y 0 272.423 0 0
z 761.384 0 761.384 0

Hip yaw
x 0 0 0 272.423
y 0 272.423 0 0
z 761.384 0 761.384 0

Knee pitch
x 0 0 0 85.872
y 0 85.872 0 0
z 363.522 0 363.522 0

Ankle pitch
x 0 0 0 6.807
y 0 6.807 0 0
z 84.920 0 84.920 0

Ankle roll
x 0 2.242 0 6.807
y 0 6.807 0 4.059
z 84.920 0 84.920 0

3.4 Summary of Joint Requirements

In this chapter, the results from the research of human data are discussed, and these prop-
erties helped make assumptions and constrain requirements of the exoskeleton. The range
of each DoF motion is summarized in Table 3.1. The properties of lower-body segments
and the experiment results of the exoskeleton prototype provided valuable references for the
mechanical designs on each joint. Overall, the capabilities of the OLL-E were based on total
weight of 150 kg of the operator and the exoskeleton. In Table 3.10, the maximum loads
at each hip joint are summarized. Table 3.11 shows the required peak torque and velocity
results that were developed by my co-worker, John Kendrick.
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Table 3.10: Maximum loads at each joint.

DoF Max. moment (Nm) Max. load force (kN)
Hip roll 311.1 4.5

Hip pitch 272.4 4.5
Hip yaw 272.4 4.5

Table 3.11: Peak torques and velocities at each joint developed by John Kendrick.

DoF Peak torque (Nm) Peak velocity (rad/s)
Hip roll 208.5 0.8

Hip pitch 200 5.1
Hip yaw 101.9 1.8

Knee pitch 394.7 7.2
Ankle pitch 197.2 5.1
Ankle roll 89.5 5.9
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Chapter 4

Hip Exoskeleton Design

4.1 Joint Configuration Synthesis

In order to start the design of the hip exoskeleton, figuring out relative locations of each joint
and understanding reaction loads were critical. The joint requirements and a built-in human
model in software NX 11 helped to guide the design criteria of joints. Fig. 4.1 shows the
initial scheme of hip 6-DoF locations based on the built-in human model. The hip breadth
of this human model was set to be 360 mm, which accounted for about 50th percentile of
aged 19-65 US people [67].

Figure 4.1: Initial scheme of 6-DoF locations at the hip.
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The H-point that the human model provided was the relative location of the hip and the
pivot point of the upper leg. Therefore, this point could be used for aligning joint axes. The
idea of this layout of joints in Fig. 4.1 was inheriting the prototype design from Chapter 3.
The pitch joint axis passed through the H-point, and the yaw joint axis was aligned with the
center of the pitch joint. Although the human ball and socket hip joint was not shown in
this human model, its position could be estimated by finding out the intersection between
roll and pitch joint axes. Chapter 3 determined the distance between roll joints, W = 207
mm. These two roll joints were symmetrical about the H-point, as shown in Fig. 4.1. The
distance of D and L were estimated based on the size of bearing housings and the clearances
between the exoskeleton and human body.

Unfortunately, this initial estimation of scheme layout was not working well as the design
proceeded. Some issues developed: first of all, the location of roll joints was too low in the
z-axis direction, and this caused the structure to interfere with the human body; Secondly,
the length, L was smaller than expected when wearing the 3D printed assembly. This issue
might be caused by not considering the thickness of the operator’s clothes; Finally, the length,
D of the structure was not long enough to pass the operator’s pitch joint when wearing 3D
printed parts. The reason for this was that the depth of a person’s hip in the x-axis direction
had size differences for different persons. Therefore, the original scheme layout was modified
with changing the locations of joints. However, the pitch joint still stayed in the original x-y
plane where the H-point was at. The roll joints were moved up 30 mm higher than the pitch
joint. In fact, this adjusted height was matched with the roll-pitch distance in the 12-DoF
wearable prototype. Fig. 4.2 displays the modified layout of joint locations. Table 4.1 shows
comparisons after changes. These changes suggest that adjustability features were necessary
to be considered in the future design.

Figure 4.2: Modified scheme of 6-DoF locations at the hip. Dashed line is the original layout,
and blue line is the modified layout.
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Table 4.1: Comparisons of joint location layout.

D (mm) Dnew (mm) L (mm) Lnew (mm)
197.8 211.3 174.5 258.7

4.1.1 Force analysis

Force analysis was the critical step before proceeding the design of the structure. In this
section, reaction loads were developed at each joint based on the layout in Fig 4.2. The loads
calculated in Table. 3.9 could be helpful, but these loads were conservative calculations based
on 90◦ range of motions for all joints. In actual design criteria, the range of movements of
each joint would not be 90◦ exactly. Therefore, having general equations for each joint could
be useful for future joints designs. Fig. 4.3 shows the free body diagrams of each joint for
leg flexion and abduction, respectively. The maximum reaction force at each joint was equal
to the gravity of the whole leg, W . For example, the reacting moment and torsion for leg
flexion at the roll joint were calculated as follows:

Mr1 = −Wl1 (4.1)

T1 = W sin(θ1)(l2 + l4) (4.2)

while the reacting moments for leg abduction were calculated as follows:

Mr3 = −W sin(θ2)(l1 + l3 + l4) (4.3)

T4 = W sin(θ2)l2 (4.4)

where Mr1 and Mr2 were resisting moments for rotations. The torsions of T1 and T2 affected
the robust designs of structures. Other joint reacting moments could be calculated similarly.
Note that these moments were using a 3g factor of loads. A summary of maximum loads on
hip joints with defined range of motions is shown in Table 4.2.
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Figure 4.3: Free body diagrams of each joint at two positions, respectively.

Table 4.2: A summary of maximum loads at hip joints.

Joint Max. moment (Nm) Max. load force (N)
Roll 462.18 4500
Yaw 268.20 4500
Pitch 272.02 4500
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4.2 Joint Design

This section focuses on the design of each joint at the hip, including bearing selection and
installation, hard stop design and installation, and the limit switch and encoder packagings.
According to the requirements developed in Chapter 3, the range of motions (RoMs) for
each joint of the hip exoskeleton are summarized in Table 4.3 below. The neutral position
was standing straight.

Table 4.3: Summary of RoMs for each joint at the hip exoskeleton.

Joint RoM (deg.)
Hip roll +30◦/-30◦

Hip yaw +40◦/-30◦

Hip pitch +100◦/-30◦

The major material chose for designing the hip exoskeleton was Aluminum 7075 T6. This
type of metal has light weight and high strength and is famous for using in aircraft and
terrain vehicles. As for the shaft at each joint, the material was StressProof R© 1144 carbon
steel, which is stress relieved by cold drawing and has high tensile strength. The rest of other
components will be made of common Aluminum 6061 T6. Table 4.4 lists properties of these
materials. Fig. 4.4 is the overview of the hip exoskeleton assembly. The hip exoskeleton was
mainly composed of five assemblies: the hip roll joint assembly highlighted in pink color, hip
yaw joint assembly highlighted in yellow color, hip pitch joint assembly highlighted in green
color, actuators highlighted in orange, and the backpack assembly highlighted in purple.
These assemblies will be discussed in details in later sections.

Table 4.4: Properties of major materials used in hip exoskeleton. Data was collected from
[13].

Property Al 6061 T6 Al 7075 T6 StressProof R© 1144
Density (g/cc) 2.7 2.81 7.85

Yield strength (MPa) 276 503 689
Elastic modulus (GPa) 68.9 71.7 200

Poisson’s ratio 0.33 0.33 0.29
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Figure 4.4: Overview of the hip exoskeleton assembly with colored different sub-assemblies.

4.2.1 Bearing selection

Following the static force analysis described in Section 3.3 and 4.1, the radial and axial
loads on bearings were calculated to determine the type of bearing. The fact was that force
reacting on bearings was tremendous, particularly for radial loads. Therefore, the selected
bearing should be able to handle the heavy loads in both radial and axial directions. One of
the best choices was the tapered roller bearing.

A tapered roller bearing is composed of an outer ring, an inner ring, and tapered rollers.
The advantage of a tapered roller bearing can take radial and axial loads simultaneously. A
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single-row bearing can only take one direction of axial load. Thus, in order to take account for
both directions of axial loads, a pair of sing-row bearings was used. The arrangement of the
pair of bearings in the housing was assigned back-to-back because this way let the effective
load center of two bearings point outward, which gave a long support base to distribute loads
more evenly. Fig. 4.5 illustrates the free body diagram of the back-to-back arrangement.
Table 4.5 lists the tapered roller bearing used in each joint, including the maximum force
acting on each joint, and the static and dynamic load ratings of each bearing. Note that
the maximum applied force was at a 3g load. The maximum applied load on each bearing
was below both the static and dynamic load ratings. Maintaining the peak force within the
static rating ensured the bearings will not be damaged. Also, the applied peak load was less
than the dynamic load rating allowing the bearings to endure many cycles of operations.

Figure 4.5: Free body diagram of back-to-back arrangement of tapered roller bearings.

Table 4.5: Tapered roller bearing used on each joint at the hip exoskeleton.

Joint IDxODxW (mm) Max. load (kN) Static load rating (kN) Dynamic load rating (kN)
Roll 20x42x15 18.86 27 24.2
Yaw 17x40x12 14.29 18.6 19
Pitch 17x40x12 14.09 18.6 19
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4.2.2 Hip roll

An exploded view of the hip roll components is shown in Fig. 4.6 with number callouts for
each piece. Table 4.6 briefly describes their names and functions. The major components of
this assembly are the hip roll housing and the hip roll arm. The details of these parts will
be discussed in this section.

Figure 4.6: Exploded view of hip roll assembly with labeled components.
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Table 4.6: Summary of labeled components in hip roll assembly

Label Name Functions
1 and 2 AksIMTM absolute ring encoder 16 bits per revolution

3 Flathead M2.5 bolt Mounts the encoder on the top of the shaft
4 Socket head M3 bolt Mounts the encoder readhead
5 Readhead Standoff Keeps the readhead required distance from the encoder
6 Dowel pin Provides alignment for the standoff
7 Custom shaft bolt Provides output transmission
8 Paired tapered roller bearings Distribute radial and axial loads
9 Bearing spacer Provides supporting base for bearings
10 Hip roll housing As a housing and a mounting base for other features
11 Hip roll arm Transmits the motion of the hip roll
12 Hard stops Stop the movement of the roll joint at safe limits
13 Limit switches Shuts off the power before hitting the hard stop
14 Socket head M6 bolt Mounts hard stops
15 Socket head M2 bolt Mounts limit switches
16 Arm clamp Clamps the yaw housing frame into the U-channel
17 M5 shoulder screw Mounts the arm clamp in position

Internal snap ring (not shown) Retains the bearings from the other side

The tapered roller bearings were installed in back-to-back arrangement with a 4.5 mm spacer
in between. This arrangement determined the size of the housing. The distance between two
roll joint housings from center to center was determined according to Fig. 4.2. A custom
shaft bolt was used to clamp the pair of bearings together with the hip roll arm. Fig. 4.7
depicts the dimensions of the custom shaft bolt. There was a relief cut between the shaft
and the thread parts used for threading tool runout. The thread size was M20 by 2 mm
pitch. As shown in Fig. 4.7, one of the hole patterns on the shaft was used to mount the
encoder ring. The other hole pattern, which appeared on every shaft of each joint, was used
for tightening the shaft by a custom-made spanner wrench. Torquing on the custom bolt can
give a preload applied on bearings to eliminate the backlash. Fig. 4.8 displays the view-cut
section of the inside of the housing. The hip roll arm had a flange feature that was against
the inner cone face of one side of the bearing. The shaft passed through a shoulder pocket,
which was used to align the shaft. There was a small clearance used for tightening between
the end of shaft part and the bottom of shoulder pocket. The internal snap ring kept the
bearings from moving out. The snap ring was made of 302 stainless steel and manufactured
by SMALLEY, which had a yield strength of 15,147 N [68].
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Figure 4.7: Views of the custom shaft bolt for hip roll.

Figure 4.8: View-cut section of the hip roll joint.

As for the hip roll housing, the design changed from simple to complex. At first, it had
the function of providing the housing for the roll joint bearings. However, as the design
proceeded, this component became a significant transition for connecting and mounting
other components. Fig. 4.9 illustrates some features that the hip roll housing had.
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Figure 4.9: Isometric view of the hip roll housing with features.

Fig. 4.10 shows major functions that the hip roll arm has. Besides the pocket that allowed the
custom bolt to pass through, this arm part also had two other features. One was providing
a bearing pocket to support a ball screw trunnion with a lug, as shown in the backside view.
The other feature was the U-channel that yaw housing frame could fit inside, as shown in
the front view. In the meantime, this U-channel allowed the frame to move in and out for
adjustability. This feature will be described more in details in the next section.

Figure 4.10: Backside and front views of the hip roll arm.
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The encoder used for each joint was a non-contact absolute rotary encoder. Compared
to a shaft encoder, this non-contact type did not have a misalignment issue, and it had
more resistance to wear-out and required easier installation. The encoder module had two
components: a readhead board and an axially magnetized ring. For the hip roll joint, the
ring was mounted on the movable shaft, and the readhead was mounted on the stationary
roll housing, as shown in Fig. 4.11.

Figure 4.11: Side view of the encoder mounting.

Finally, the design of the hard stop and the position of the limit switches were significant
because they could prevent the exoskeleton from harming the operator. The hard stop was
made of stainless steel and placed in the path of the arm rotation. As shown in Fig. 4.12,
the arm was pushing the limit switches to the off position at ±28◦, and was entirely stopped
at ±30◦ when contacting with the hard stop. There was an impact load when the arm
hitting the hard stop. The peak angular velocity of the arm was 1.26 rad/s calculated by
John Kendrick. Given R in the figure, the linear velocity was about 0.055 m/s. Using the
assumed the total leg weight, the impact load acting the hard stop was about 5.2 Ns using
3g factor. This amount of load was relatively small.
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Figure 4.12: Rotation path of the hip roll arm.

4.2.3 Hip yaw

Fig. 4.13 displays the exploded view of the hip yaw assembly, which included the hip pitch
housing as well. The movements of the hip yaw joint caused the pitch housing to move
together. In addition, the pitch housing also played a critical role to clamp against the
bearings inside the yaw housing. Table 4.7 shows names and functions of each callouts
component.
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Figure 4.13: Exploded view of hip yaw assembly with labeled components.

Table 4.7: Summary of labeled components in hip yaw assembly

Label Name Functions
18 Hip yaw housing Provides a connection between the roll and yaw joints
19 Socket head M2 bolt Mounts the limit switches
20 Limit switch (one each side) Shut off the power before hitting the hard stop
21 Hard stop Stops the movement of the yaw joint at safe limits
22 Socket head M5 bolt Mounts the hard stop in position
23 Bearing shaft M6 Clamps on the magnet ring
24 Socket head M2 bolt Mounts the readhead board in position
25 OrbrisTM encoder module 14 bits per revolution
26 Socket head M4 bolt Mounts the encoder standoff in position
27 Dowel pin Provides alignment for the standoff and the yaw lug
28 Readhead standoff Keeps the readhead required distance from the encoder
29 Custom shaft bolt Provides output transmission
30 Paired tapered roller bearings Distribute radial and axial loads
31 Socket head M5 bolt Mounts the hip yaw lug in position
32 Hip yaw lug Supports the yaw actuator trunnion
33 Hip pitch housing Provides the housing for pitch bearings

Internal snap ring (not shown) Retains the bearings from the other side
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The hip yaw housing was one of the most significant parts in this yaw assembly because a
variety of loads transmitted through this structure during operation of this exoskeleton. The
load analysis of this piece was shown more in details in Section 5.1. Furthermore, it had other
features besides serving as a housing. Fig. 4.14 illustrates the features this part possessed.
As mentioned in the previous section, the frame part was fitted inside the U-channel of the
roll arm (Fig. 4.10). The slotted channels were 4 mm spaced from center to center, and they
were suited with the channels on the arm clamp (16). The clamp provided clamping forces
on the housing frame, and the channels locked the frame in position, as shown in Fig. 4.15.
A small clearance left between the clamp and the housing channels helped hold them tightly
when clamping. Moreover, these channels could help adjust the hip breadth for different
sizes of people. The maximum adjusting distance for each side was about one inch. A linear
actuator was packaged at the side of this yaw housing to provide the output power for the
yaw joint.

Figure 4.14: View of the hip roll housing with features.
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Figure 4.15: Top view of the yaw housing.

The design of the yaw joint was similar to the roll joint. As shown in the view-cut section
of Fig. 4.16, the paired tapered roller bearings were clamped together inside the housing by
the custom shaft bolt. Without the bearing spacer, the outer rings of these two bearings
contact directly without touching inside cones. This back-to-back arrangement gave the
effective load center-to-center distance of 19.03 mm, which was enough to distribute the
radial loads. The selected encoder module was a non-touch true absolute rotary encoder,
which was composed of a readhead board and a magnetized permanent ring. The encoder
also had a feature of built-in self-calibration algorithm to improve the accuracy. The bearing
shaft had a precision shaft diameter to hold the ring in position, as shown in Fig. 4.16.

Figure 4.16: View-cut section of the hip yaw joint.
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The movement path of the hip yaw joint was shown in Fig. 4.17. The external rotation was
limited to 40◦, while the internal rotation was limited to 30◦. This range of motions was
determined based on the travel length of the ball screw on the linear actuator. The moment
arm R was 55.9 mm, which gave a peak angular velocity of 1.70 rad/s. The maximum impact
load of hitting the hard stop was about 7.4 Ns at a 3g load. Similar to the roll joint, the limit
switch was triggered first before the arm hit the hard stop, in order to protect the operator.
Fig. 4.18 shows the moment when the yaw joint touched the hard stop.

Figure 4.17: Top view of the movement path of the yaw joint.

Figure 4.18: Bottom view of touching hard stop positions at the yaw joint.
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4.2.4 Hip pitch

The design of the hip pitch joint focused on the bearing housing, bearings installation, the
encoder installation, and the hard stop design. However, the packaging of the pitch actuator
was not included because the design of the dual-motor actuator was not completed yet, and
its packaging design will be involved the knee joint. The exploded view of the pitch assembly
is shown in Fig. 4.19. The names and functions of each piece were listed in Table 4.8.

Figure 4.19: Exploded view of hip pitch assembly with labeled components.
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Table 4.8: Summary of labeled components in hip pitch assembly

Label Name Functions
34 Socket head M2 bolts Mount limit switches in position
35 Limit switches Shut off the power before hitting the hard stop
36 Socket head M6 bolts Mount the hard stop in position
37 Hard stop Stops the movement of the roll joint at safe limits
38 Pitch arms Transmit the motion of the hip pitch
39 Paired tapered roll bearings Distribute radial and axial loads
40 Readhead standoffs Keeps the readhead required distance from the encoder
41 AksIMTM absolute ring encoder 16 bits per revolution
42 Socket head M2 bolts Mount the readhead board in position
43 Flat head M2.5 bolts Mount the magnet ring in position
44 Custom shaft bolt Provides output transmission

Internal snap ring (not shown) Retains the bearings from the other side

The tapered roller bearings used for the pitch joint were the same as the ones for the yaw
joint. The bearings were clamped inside of the pitch housing by a custom shaft bolt, which
passed through pitch arms and the encoder. Fig. 4.20 displays a view cut section of the pitch
joint. There was one pitch arm at each side of the housing, and they were both clamping
against the inner cone of the bearings. This leads to a double-shear load applying on the joint
for reducing individual bearing loads. The encoder module was the same type of encoder
at the roll joint. The magnet ring was mounted on the backside of the pitch arm, and the
readhead board was mounted on the side of the housing. This packaging of the encoder
module made the whole joint assembly compact and, in the meantime, hid electronics away
from the operator’s body.

Figure 4.20: View cut section of the hip pitch joint.
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As for the hard stop, it was placed on the other side of the housing and aligned with a pocket
slot of the housing. The motion of the arm was limited to 100◦ for the leg flexion and 30◦

for the leg extension, as shown in Fig. 4.21. Note that the shape of the arm was designed to
avoid interfering with the travel of the actuator ball screw. Since the pitch actuator has not
been placed yet, the moment arm length was unknown at this time. The hard stop might
need to be modified to accommodate to lower lever design.

Figure 4.21: Side view of touching hard stop positions at the pitch joint.

4.3 Actuators Packaging

4.3.1 Introduction

Each joint at the hip exoskeleton was actuated by a linear actuator with a precision ball
screws. Linear Series elastic actuators (LSEAs) were used for both roll and pitch joints,
and there was no elastic component for the linear actuator at the yaw joint. A mechanical
power generated by the motor increased the torque output through a gear reduction and
transmitted the load through a ball screw to the actuated joint. The compliant element
that was placed series with the actuator enabled impact resistance and energy storage. The
overall packages of LSEAs gave an advantage of high bandwidth force control. Fig. 4.22
shows the single-motor and dual-motor actuators designed by my co-worker, John Kendrick.
Table 4.9 gives some specifications of these actuators at each joint. In this chapter, the topics
focus on the packagings of each actuator at roll and yaw joints, respectively. The packagings
included a two-bar linkage mechanism, yokes and lugs design, a spring mount design, and
bearings selection.
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Figure 4.22: Single-motor and dual-motor actuators designed by John Kendrick.

Table 4.9: Summary of the actuators at each hip joint.

Joint Linear velocity (m/s) Peak force (N)
Roll 0.058 4649.7
Yaw 0.095 2818
Pitch 0.267 6730

4.3.2 Two-bar linkage mechanism

Fig. 4.23 displays a simple two-bar linkage mechanism used to drive the hip roll and yaw
joint. |AB| was the constant moment arm between the joint and the force input position,
while |BC| was the distance between the force input position and the universal joint. The
ball nut started traveling at the neutral position, which was perpendicular to the moment
arm. At the same time, the ball screw length between B and C would change until the
arm hit the limit of the rotation. In order to better understand the relationships of each
parameter, the position and force analysis was developed.
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Figure 4.23: Two-bar linkage Mechanism used for geometric analysis.

Set A as origin, and use vector matrix to represent each point:

A =

{
0
0

}
, B =

{
r cos θ
r sin θ

}
, C =

{
r
h

}
(4.5)

The distances of |AB| , |BC| , and |AC| can be determined as follows:

|AB|2 = r2 (4.6)

|BC|2 = (B−C) · (B−C)

= r2(2− 2 cos θ) + h2 − 2rh sin θ (4.7)

|AC|2 = r2 + h2 (4.8)

By using the triangle theorem, the angle of θ2 is calculated as following:

cos θ2 =
|AB|2 +|BC|2 −|AC|2

2|AB||BC|

=
r(2− 2 cos θ)− 2h sin θ

2
√
r2(2− 2 cos θ) + h2 − 2rh sin θ

(4.9)
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Therefore, by using equations calculated above, the universal joint angle, θ1 and the travel
distance of the ball nut , ∆X were calculated below:

θ1 = θ2 − θ − 90◦ (4.10)

∆X = h− x
= h−

√
r2(2− 2 cos θ) + h2 − 2rh sin θ (4.11)

As for the force analysis, the input load was always transmitting along the ball screw, which
was in the direction of CB. Since the longest moment arm was at the neutral position, the
input load at this position gave the highest torque and speed. When the ball screw was
not vertical with the moment arm, components of forces were generated. Expressions that
showed the relationship of the torque and angular speed versus the angle between AB and
BC are shown below:

T = Fr sin θ2 (4.12)

w =
v sin θ2
r

(4.13)

where F was the actuator input load, and v was the displacement velocity of the ball screw.

A MATLAB script was written to solve the results of the universal joint angle, ball screw
travel length, the output torque, and the output angular velocity due to the rotation of
each joint, as shown in Fig. 4.24 and Fig. 4.25. These results from calculations could help
determine the length of the ball screw and the packaging size of the universal joint. Table
4.10 shows critical data from the MATLAB plots. Yaw joint had a much larger range of
motion than the roll joint. Therefore, the required ball screw length for the yaw joint was
going to be longer. As expected, the speed of the yaw joint was faster than the roll joint.
The output speeds and torques almost all met the requirements in Table 3.11. However, the
output speed of the yaw joint was only 0.1 rad/s off because of the limit of the packaging
size for the actuator.

Table 4.10: Data from MATLAB results

Joint Max. U-joint(deg.) Total travel distance (mm) Max. Torque (Nm) Max. speed(rad/s)
Roll 2.29 46.37 215.75 1.25
Yaw 3.99 64.11 157.53 1.70
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Figure 4.24: Roll joint data output window from MATLAB.

Figure 4.25: Yaw joint data output window from MATLAB.
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4.3.3 Packaging

Fig. 4.26 displays an overview of the packaging of the actuator roll and yaw joints, re-
spectively. The highlighted blue parts were custom-made to mount the actuator onto the
exoskeleton structure, including leaf spring mounts, lugs, and yokes. The highlighted red
parts were needle roller bearings used to support the input forces exerted by the actuators.
The highlighted orange assemblies were the actuators designed by John Kendrick.

Figure 4.26: Views of the actuators packaging including two-bar linkage mechanism.
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The spring mount was mounted on the hip roll housing, which was a fixed part relative to
the operator’s body. The spring was aligned and clamped inside of the pocket of the spring
mount. Since the mount was off axis from the load center, both shear and moment reactions
acted on this part, as shown in Fig. 4.27. The ramp shape of the mount made the structure
stiff and stabilized the part. A pattern of M8 bolts was used to mount the spring mount and
support a large amount of the axial and shear reaction forces.

Figure 4.27: Views of the spring mount.

The yoke that supported the universal joint of the yaw actuator was mounted on the side
of the hip yaw housing. A pattern of six M6 bolts helped secure the yoke, and these bolts
purely experienced shear reactions due to the input of the actuator. The function of both
roll and yaw lugs was to support the trunnion that was attached to the ball nut. The roll
lug was designed to mount on the hip roll arm, as shown in Fig. 4.10. The lug was secured
by M6 bolts, washers, and nuts, and these bolts would undergo shear and axial reactions.
This bolted joint design left enough clearance spaces for the movement of the ball screw. As
for the yaw lug, it was mounted on the top of the pitch housing. The inner pocket was used
for alignment, and could slide fit onto the circular flange, which was used to clamp against
on the bearings inside the yaw housing. The pattern of four M5 bolts was robust enough
to handle the shear reactions due to the input force. The lips on the lug were used to do
a normal contact with the limit switches. For installing the bearings, one bearing could fit
directly into the housing at the roll arm, and the other bearing installed into the housing of
the roll lug. There were removable clamps attached to the housing of the yaw lug providing
a convenient installation of bearings. These needle roller bearings were selected to distribute
the radial loads resulted from the force input. The maximum radial force exerted by the ball
screw for one bearing was about 2.3 kN. However, the selected bearings had a static load
of 8.15 kN and a dynamic load of 6.71 kN, which were both far above the maximum radial
load. Maintaining the peak force below the static and dynamic ratings secured the lifetime
of these bearings and protected the shaft of the trunnion from damages. Fig. 4.28 illustrates
the features of the yaw yoke, the yaw lug, and the roll lug.
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Figure 4.28: Views of the actuator fixtures.

4.4 Backpack Design and Packaging

Several electronics hardware needed to be carried as the operator driving the exoskeleton,
such as batteries, a radiator, motor controller boards, power distribution boards, IMU, etc.
The idea that was similar to other exoskeleton products was mounting heavy and large size
of hardware onto the backpack of the exoskeleton. However, designing a whole backpack
will be involved with harnessing problems. Harnessing can be another big topic, which is
time-consuming and involved many test experiments. One creative idea was to draw on the
experiences of off-the-shelf external frame backpacks.

One of the remarkable features of the off-the-shelf backpacks was the comfortable harnessing.
External frame backpacks have been used for hiking and long journey trips for years. The
theory of framing and comfortability has been developed by experts. Therefore, using an off-
the-shelf backpack that had the proper size of the external frame for installing the hardware
was a good option. Fig. 4.29 shows the external backpack frame product from KELTY [69]
and the NX CAD modeled frame part. This CAD model restored the upper part of the
frame. The lower part was replaced by a design of backpack plate, in order to accommodate
to the exoskeleton structure.
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Figure 4.29: KELTY external frame backpack product (left picture) and its upper frame
CAD model (right picture).

Fig. 4.30 shows the design of the backpack plate. The major functions of this plate were to
provide a base for the external backpack frame and the waist belt harness. The height of
this plate was designed to avoid interferences with the structures of the exoskeleton. Two
cylinders were bolted on the top of the plate so that the backpack frame could slide onto
them, and the frame was fixed by set pins. In addition, there was a pocket on the plate,
which allowed for installing the battery cases. The case had slots for fitting buckle straps to
fix batteries in position. Total two batteries were used to generate 22000 mAh and 50 V of
power. The plate was set onto the hip roll housing by a pattern of M8 bolts, washers, and
nuts. Between the plate and the housing, there was a removable spacer, as shown in red
color in the right picture of Fig. 4.30. The purpose of this spacer was to adjust the housing’s
distance to the operator’s back, in order to match the pitch joint of the exoskeleton with the
operator’s joint position. The spacer could be easily machined to be different thicknesses as
necessary. In order to prevent the plate from bending due to payloads, a plate support that
had a ramp shape connected the plate with the housing. In addition, a 1/4” thickness of
ABS plastic sheet was clamped on the backpack frames as a mounting base for the hardware.
ABS is a strong and light material, which can have over 44 MPa tensile strength [13]. The
ABS sheet can be easily manufactured using a laser-cutting machine. Fig. 4.31 shows the
first-cut layout of some electronics hardware attached to the plastic sheet. The highlighted
blue part was the backpack plate, the pink part was the cylinders fitting into the backpack
frame, green part was the battery case, red part was the spacer, and orange part was the plate
support. The heavy and large hardware, such as batteries and the radiator was modeled and
mounted close to the waist, in order to stabilize the whole system at the operator’s gravity
center. At this time, not all of hardware had been determined, so the details of the hardware
layout can be further developed.
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Figure 4.30: Views of the backpack plate.

Figure 4.31: A layout of electronics hardware on the backpack.
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Chapter 5

Verification

5.1 Finite Element Analysis

The robustness of the exoskeleton structure was the major concern before beginning manu-
facturing. Finite element analysis (FEA), as one of the computer-aided engineering (CAE)
methods, provides a numerical solution for predicting the performance of the structures,
especially showing stress concentrations for indicating whether the part will fail over the
yield strength. In this section, FEA was conducted on critical parts of the hip exoskeleton
by using ABAQUS software.

Before running the model of the components in ABAQUS, some preparations needed to
be done, such as partitioning the model, assigning material properties, defining boundary
conditions, creating interaction constraints, etc. One of the critical factors affecting results
was selecting the element type for the mesh elements. Since the models were all in 3D solid,
one possible element type was fully integrated hexahedral elements (C3D8), which has two
degrees of freedom (DoF) in each coordinate direction and gives eight integration points in
total. However, in some cases, shear locking can happen when the elements have a large
aspect ratio. The shear locking can make the elements lose accuracy when simulating the
performance of the local areas. In order to cope with this problem, Reduced Integration
(C3D8R) and Incompatible Mode (C3D8I) were introduced. According to [70, 71, 72], both
C3D8R and C3D8I have abilities to relieve shear locking problems. The pro of C3D8R is
greatly reducing the solution times, while the con is that it has an issue of hourglassing,
which leads to a lack of elements stiffness [70, 72]. On the other hand, C3D8I has one
additional degree of freedom (total 24 DoF) to model the behaviors of elements better, but
the downside of this element is that it can make elements too stiff [70, 72, 71]. Based on
the tested results from [70, 72], C3D8I had better accurate simulations for the results and
faster convergence for the model analysis than C3D8R, which might require very fine mesh to
achieve good results. Therefore, C3D8I was chosen for the model analysis of the exoskeleton
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structures.

Hip yaw housing

Hip yaw housing was one of the most critical components in this hip exoskeleton because
all of three DoF were connected through this part, and their transmissions of loads and
motions were through this part as well. There were multiple load cases needed to analyze.
One of the most extreme ones was the ground reaction force, which was axially loaded on
the yaw joint. In this case, the situation was assumed that the gravity of the operator and
exoskeleton was acting on one leg at a 3g load condition. Thus, this situation resulted in
a ground reaction force of 4500 N exerting on the yaw joint. Fig. 5.1 shows the boundary
and load conditions for the partitioned yaw housing assembly in ABAQUS window. This
assembly had following components: the roll arm, the roll shaft, the bearing of roll joint,
the needle roller bearing for the roll actuator lug, and the yaw housing. For the constraint
conditions, The yaw housing frame part was installed inside the roll arm constrained by
surface-to-surface contact interactions. The shaft also passed through the pocket of the arm
and the roll bearing hole, which were applied with contact interactions. For the boundary
conditions, the roll arm should be constrained by both the roll joint bearing and the needle
roller bearing at the roll arm. Thus, these two bearings were both fixed in axial rotations
and displacements and radial displacements. However, the roll shaft was only constrained
in axial displacement, in order to allow the shaft to rotate freely.

Figure 5.1: A 3g load of the ground reaction force at the yaw housing from ABAQUS window.

The material property used for the arm and the housing was Aluminum 7075 T6, which
was described in Table. 4.4. With the C3D8I element type of the mesh and 1 mm of
element size in edge seeding, the FEA results of this load case are shown in Fig. 5.2. The
frame of the housing had an apparent failure in those gray areas where the frame had direct
contacts at the corners of the roll arm. However, an observation at the failure positions
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shows that only a few of the elements failed, and the failure did not penetrate across the
frame. Therefore, there was a doubt if this failure was an artifact caused by singularities
contacting sharp corners. One method was to check if there was a stress convergence at
other stress concentration areas. If the other areas were converging much greater than the
failure area, the failure probably was caused by an artifact.

Figure 5.2: FEA results of the yaw housing at 1mm edge seeding size.

Fig. 5.3 displays FEA results from different sizes of elements. The stress concentration area
was picked at the fillet. Table 5.1 lists the highest stress in this area compared to that at the
failure position. From the table, the percentage difference at the fillet between 1 mm and
1.5mm was about 0.47%, while the percentage difference for the failure stress was over 10%.
Moreover, as the element size became smaller, the stress at the fillet was obviously converging
much faster than the stress at corners. Therefore, a reasonable conclusion was that the
stresses at the corner contact were artifacts, and the elements there was not simulated
accurately even in a finer mesh. A safe estimation of the maximum stress concentration for
this housing was about 300 MPa because this maximum stress was found in most of the
concentration areas. Therefore, this gave a factor safety of 1.67 with 503 MPa yield strength
for Aluminum 7075 T6.
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Figure 5.3: FEA results of the yaw housing at the fillet with different mesh element sizes.

Table 5.1: Highest stresses comparisons at different mesh sizes of elements.

Element size Max. stress at the fillet (MPa) Failure stress at corners (MPa)
1 mm 299.331 939.81

1.5 mm 297.915 848.26
2 mm 295.693 664.7
3 mm 287.081 566.2

After examining the FEA results of the yaw housing, some areas had very low stresses, even
zero stresses. Thus, these materials could be eliminated to reduce the weight of the part. The
other situation for this load case was that the frame part was moved out one inch from the
roll arm. As shown in Fig. 5.4, the stress artifacts still happened at the corners as the frame
part moved out. However, the maximum stress in stress concentration areas was around 330
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MPa, which provided a safety factor of 1.5. Therefore, one inch was a safe adjustability for
this load case.

Figure 5.4: FEA results of 1 inch adjustability the yaw housing.

There were other extreme situations, which made the yaw joint experience radial reaction
loads. Fig. 5.5 displays the load cases in ABAQUS window for the yaw housing in 100◦

flexion and 30◦ abduction, respectively. The FEA results of 1 mm edge seeding sizes are
shown in Fig. 5.6, which also includes the adjustability condition. Note that there were
artifacts in hip flexion cases because of hitting the corners of the roll arm. The factor safety
of these cases were all greater than 1.26, which was fine given in a 3g load condition.

Figure 5.5: A 3g load of reacting moments and forces at the yaw housing.
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Figure 5.6: FEA results of reacting moments in hip flexion and abduction, respectively.

Hip pitch housing

Another important part was the pitch housing, which experienced reacting moments and
forces at the limits of the range of motions. As shown in Fig. 5.7, the partitioned pitch
housing assembly (left picture) was composed of the pitch housing, the yaw bearing, and
the shaft custom bolt. The bearing was axially fixed in both rotation and displacement.
There were surface-to-surface contact interactions between the bearing and the shaft bolt.
The threaded part of the shaft bolt was tied-constraint into the pocket of the pitch housing.
The performance of the shaft bolt would experience a bending condition. The FEA result
(right picture) of 1 mm mesh sizes shows that the stress concentration was at where the shaft
contacted with the edge of the bearing. The reason for this was that the reacting moment
exerted on the housing caused the yaw shaft to bend against the edge of the bearing. In
fact, the stress concentration there could be relieved more if chamfers were added to the
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edge of the bearing. But the feature of chamfers was not easily partitioned in the ABAQUS
and most often caused zero or negative elements. In this assembly, the shaft was made
of StressProof R© 1144, which has 689 MPa of the yield strength, as shown in Table. 4.4.
Therefore, safety factor at this extreme stress situation was achieved over 1.43.

Figure 5.7: 3g loads of reacting moment and force at the pitch housing.

Hip roll housing

The hip roll housing took the most reacting moments among the three joints, so the strength
of its frame structure must be tested. Fig. 5.8 shows the partitioned roll housing assembly
and the FEA result. With one end fixed on the bearing, the other end experienced the
reacting moment and load at a 3g factor. From the FEA result, it was shown that the
stress distributions at the housing beam part were induced by torsions, and the stresses were
concentrated around the holes. In the updated model shown in Fig. 4.9, the hole pattern
was reduced to five holes, which increased the gap between holes and reduced the stress
concentrations around holes. Therefore, the safety factor of this part was greater than 1.5
for the material made of Aluminum 7075 T6.
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Figure 5.8: A 3g load of the reacting moment and force at the roll housing.

Leaf Spring Mount

Fig. 5.9 displays the FBD of the partitioned leaf spring assembly when the leaf spring
experienced the input force in either direction. The clamp plate, the leaf spring, and the
yoke in this assembly were all modeled by my co-worker, John Kendrick. The input actuation
force acted at the center of the yoke that held the universal joint. The spring mount was
bolted onto a base, which was fixed as a boundary condition. The upper side of the leaf
spring was mounted with the yoke, and the bottom side was clamped inside the pocket of
the spring by M6 bolts. The spring had surface-to-surface contact interactions with both
the spring mount pocket and the yoke. The bolts were all exerted by a certain amount of
preload to provide clamping forces starting at the initial stage of the simulation.
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Figure 5.9: An assembly of the spring mount with the leaf spring exerted by an input force.

Fig. 5.10 shows the FEA results of the spring mount. The spring mount experienced shear
forces and moments as the input force acting at the U-joint. As shown in the figure, there
were stress concentrations around the bolt holes inside the pocket. These stresses were
caused by the reaction forces on the bolts when the spring was pulled by the input force.
However, this part was still robust enough to provide the safety factor over 1.4.

Figure 5.10: FEA results of the spring mount in either force direction.
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Fig. 5.11 shows the FEA results of the stresses and displacements for the leaf spring in either
force direction. These FEA simulations were developed by John Kendrick. The spring length
in total was 144 mm with effective elastic length of 114 mm. The thickness of the spring
was 8 mm, and the moment arm was 50 mm. His designed dimensions of this spring were
calculated from the equations developed in Section 2.1. The magnitudes of the deflections
at the center of the yoke were 9.72 mm and 9.62 mm in two force directions, respectively.
Thus, the elastic stiffness of the leaf spring was about 500 N/mm. The safety factor of the
spring was 1.25 for the material of Titanium T6-6Al-4V.

Figure 5.11: FEA results of the leaf spring in either force direction.

Lug and yoke

The lugs and yokes working as fixtures for the actuators were exerted by the input forces.
Thus, it was critical to conduct FEA in these parts, in order to show the robustness. Fig.
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5.12 shows the partitioned assemblies including the yaw yoke, the roll lug, and the yaw lug.
Each part experienced the input force due to the actuator at each joint. The yaw yoke,
which was bolted on the side of the yaw housing, provided support the universal joint. The
yaw lug was bolted on the top base of the pitch housing. Both the yaw and roll lugs were
used to support the trunnion that attached to the ball nut. All those bolts in assemblies
were preloaded at the initial stage of the simulation and propagated with the external input
force. Fig. 5.13 shows the FEA results of these parts. As expected, the highest stress
concentrations were most around the holes. The safety factors for the yaw yoke and the
roll lug were 1.43 and 2.09, respectively, when they were made in Aluminum 6061 T6. The
safety factor for the yaw lug was 1.51 for the material of Aluminum 7075 T6.

Figure 5.12: Assemblies of the yoke and lugs in ABAQUS window.
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Figure 5.13: FEA results of the yoke and lugs.

5.2 Bolt Preload Documentation

Figuring out the amount of the bolts preload on the exoskeleton was necessary. There was
a significant amount of the output torques at each joint. Therefore, it was significant to
make sure that the external forces on the jointed design should not exceed the clamping
forces by the fasteners. There were two types of reaction forces exerted on bolts: tension
and shear. Bolts could experience the combination of these two types of reactions. In these
cases, checking if the bolts would survive from the reaction loads was important as well.
Proper bolts preload can help prevent fatigue failure, joint separation, and self-loose on
jointed designs. In this section, the bolt preload on the critical exoskeleton structures was
documented.

The online tool that was used to calculate the bolt preload was called Bolted Joint Analysis
(BJA) [73]. It provided convenient calculations for the bolt analysis in jointed designs. For
calculating reactions in bolt patterns, BJA required inputs of the external forces and the
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coordinates of each bolt. Use the spring mount as an example. Fig. 5.14 shows the bolt
pattern used to clamp the spring mount on the roll housing. The bolts in the spring mount
experienced plenty of tension reactions because of the off-axis actuator input force. In the
figure, the BJA generated the 2-D plane coordinates for each bolt and the input force. The
generated results of the axial reaction loads are shown in Table 5.2. In order to overcome
the reaction loads, 1, 2, 5, and 6 were chosen to be M8 bolts, and the suggested preload for
them were 10,543 N, which gave a safety factor 1.26 for the shear force on the internal thread
of the hole. 3 and 4 used M6 shoulder bolts because they only needed preload of 6,439 N,
which provided a safety factor of 1.55 for not stripping the internal thread.

Figure 5.14: Bolts pattern on the spring mount with generated 2-D coordinate plane by
BJA.

75



Table 5.2: Bolt preload results for the spring mount.

Bolt # Axial Force (N)
1 -6,593
2 -6,593
3 766.17
4 766.17
5 8,127
6 8,127

Fig. 5.15 displays the results of bolt preloads for critical components of the exoskeleton. By
using BJA tool, the generated required bolts preload and the safety factor for the internal
thread are shown in Table 5.3.

Figure 5.15: Critical bolted joints for each part.
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Table 5.3: Summary of bolts preload (N) and safety factor (in parentheses) in Fig. 5.15.

Parts M5 M6 M8
a - 5,796 (1.25) -
b - 5,796 (1.37) -
c - - 4,922 (2.64)
d - 6,439 (3.54) -
e - 6,439 (1.4) -
f 4,085 (1.19) - -
g 4,538 (1.58) - -
h - 6,439 (1.55) 10,543 (1.26)

5.3 Fit Testing

In order to test the fitness and improve the design of the hip exoskeleton, 3D printing
technology was used to print components of the exoskeleton. Those parts were printed with
FDM technique on Lulzbot Taz 6 with PLA materials. Fig. 5.16 shows the initial version of
the 3D printed prototype and the improved 3D printed prototype. There were major three
problems found in the initial 3D printed prototype. In Fig. a, the external backpack frame
was too close to the person so that the external frame bent when the person pushed on the
backpack plate. This discomfort was caused by the curved feature of the frame support on
the backpack plate. The recent version of the backpack plate as shown in Fig. 4.30 removed
the curved feature and made the whole plate flat. The second problem was found in Fig. b,
which showed that the yaw housing was not long enough to reach the joint of the person’s leg.
In order to solve this problem, a spacer (Fig. 4.31, the highlighted red part) was added in
between the backpack plate and the roll housing. The spacer can be replaced with different
thicknesses in order to fit for different sizes of operators. Finally, an unused space was found
between the roll arm and the person’s hip, as shown in Fig. c. In order to reduce this
unused space, the roll arm was moved to the inside as well as the hard stops and the hip
yaw housing, as shown in the top view of Fig. 4.26. The improved version of 3D printed
prototype is shown in Fig. 5.17. For this prototype, each joint was installed with tapered
roller bearings, hard stops, limit switches, and the encoders. In addition, the actuators were
printed as well. The ball screw was prototyped with the same size of a rod. The improved
version of 3D printed assembly showed that the harnessing used from the external backpack
product was comfortable and convenient, and the 6 DoF of the exoskeleton worked well with
the operator’s joints.
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Figure 5.16: Improved 3D printed prototype with solved problems.

Figure 5.17: The recent version of a 3D printed prototype.

Fig. 5.18 shows each joint hit their limits of the movements, and at the meantime, the limit
switches were triggered. The limit switches and hard stops were mounted in the positions as
CAD modeled. According to the demonstrations of the prototype, each joint triggered the
limit switches at the expected positions of the movements. Fig. 5.19 illustrates the two-bar
linkage mechanism of the roll and yaw joints, respectively. As expected, each joint worked
well with this linkage mechanism.
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Figure 5.18: Joints limit of motion testing.
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Figure 5.19: Roll and yaw linkages mechanism testing.

Finally, this prototype was worn to test the comfortability and each joint’s configuration.
Fig. 5.20 displays demonstrations of wearing the 3D printed prototype. The waist belt was
worn close to the operator’s waist, in order to match the roll joints at the person’s hip. The
shoulder straps attached to the external frame could be tightened to make the backpack plate
firmly against the operator’s back. Before putting on, it was necessary to measure the size
of the person’s hip breadth first, and then adjust the suit through the adustability features.
The harnessing of the leg was not complete, so the simple buckle straps could not attach
the prototype to the person’s leg firmly. However, the prototype still proved that each joint
position matched closely to the operator’s, and the backpack harnessing was comfortable.
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Figure 5.20: Experiments with wearing the 3D printed prototype.

81



Chapter 6

Conclusion

The design of the 6-DoF hip exoskeleton was aimed to provide design references for continuing
the development of the lower level of the 12-DoF lower-body exoskeleton. In this thesis, a
wearable 6-DoF hip exoskeleton was developed starting from the human data research to the
prototype developments, mechanical designs and packagings, FEA simulations, and the 3D
printed prototype demonstrations. The whole process can be a valuable experience for the
future development of the exoskeleton project.

In summary, each joint has been designed and packaged with housings, selected bearings,
encoders and hard stops. The range of motion of the roll joint was ±30◦, for the yaw joint
was -30◦ to 40◦, and for the pitch joint was -30◦ to 100◦. LSEAs were packaged to power the
roll joint, and a single-motor linear actuator was packaged to power the yaw joint. These two
joints were both actuated using linear actuators with two-bar linkage mechanisms. The peak
torque and velocity for the roll joint were 215.75 Nm and 1.25 rad/s, respectively, and for the
yaw joint, the peak torque and velocity were 157.53 Nm and 1.70 rad/s, respectively. In the
end, FEA was conducted on some critical components to ensure the strength of the whole
structural design, and the functionalities of each joint design were tested with three wearable
prototypes. As a result, the total weight of the hip exoskeleton without the hardware was
32.1 kg, which still left 15 kg from the weight budget to incorporate the other hardware,
such as wiring, electronics, and cooling pumps.

6.1 Recommendations and Future Work

The major future work will focus on the development on packaging the hip pitch actuator and
designing the structural frame that will be connected with the knee joint. The frame should
be adjustable for accommodating to the different leg lengths. Also, FEA should be conducted
in order to ensure the robustness of the pitch actuator fixtures and the frame structure. There
are still needed improvements and developments on the harnessing. Adding paddings onto
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the ABS plastic sheet can help prevent the bolt nuts from touching the operator’s body.
Also, the design of the harnessing for the leg frame should be firmly attached to the person’s
leg, in order to make sure the mobilities of the yaw and pitch joints to match with the
person’s hip joint.

The layout of electronics hardware on the backpack has not been finished yet, since some of
the hardware still needs to be determined. The size of radiator shown in Fig. 4.31 was not
finalized. Depending on the results of the motor cooling experiments, the radiator can be
smaller. It is necessary to build all the CAD models of the hardware and put them onto the
backpack assembly, in order to have an overview of packaging sizes.

Covers will be needed for the final product. The exoskeleton will be exposed to the environ-
ment for testing all the time. The dust or smoke can damage the system because of long-time
exposure. Additionally, proper covers can help protect the exoskeleton from the impact in
case of falls. The covers used on ESCHER was made of polystyrene, but those covers were
comprised after the first fall on the competition [1, 74]. Therefore, it was necessary to de-
sign covers to protect vital areas. When covering on the electronics hardware, the operating
temperature of the hardware should be analyzed [74]. Moreover, the covers should cover the
pinch positions of the exoskeleton for protecting the operator. The pinch positions should
be documented and analyzed to aid the design of the covers. Overall, covers should have
properties of lightweight, waterproof, and not interfere with the mobility of the exoskeleton.
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Appendix A

Figure A1: A test of fair use for Figure 1.1.
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Figure A2: A test of fair use for Figure 2.1.
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Figure A3: A test of fair use for Figure 3.2
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