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Abstract—Exoskeletons hold great potential to enhance
human locomotion performance, but their development
is often hindered by bulky, heavy, and obtrusive actua-
tor and mechanism designs. Here, we present a compact
and lightweight hip exoskeleton endowed with a custom
high torque density actuator and two foldable mechanisms,
namely foldable waist belt with self-alignment mechanism
and foldable thigh brace with self-adjusting linear slider
mechanism. Our model of actuator electromagnetic design
considered four design parameters, including end winding
length, stator teeth number, rotor pole pair number, and
gear ratio that are tailored for portable exoskeletons. Two
foldable mechanism enhanced exoskeleton adaptability
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and user comfort. Benchtop experimental results demon-
strated that our actuator can provide an 18 N · m peak
torque with a packaging factor improvement of 27% in con-
trast with state-of-the-art actuators used in exoskeletons.
The volume of our exoskeleton was reduced by 55% and the
weight was reduced from 3.7 to 2.7 kg compared to our prior
design. Preliminary human experiments demonstrated the
feasibility of our exoskeleton to reduce metabolic rate dur-
ing walking and stair climbing for young and older adults.

Index Terms—High torque density actuators, hip ex-
oskeletons, older, wearable robots.

I. INTRODUCTION

EXOSKELETONS have demonstrated potential in assisting
human movement, such as improving walking for individ-

uals with disabilities [1], [2], [3]. More recently, they have also
been shown to enhance walking efficiency for non-disabled indi-
viduals [4], [5], [6]. However, the widespread adoption remains
limited due to their bulkiness and weight, which restrict usability
for a broader range of users. To address these limitations, our
vision is to transform exoskeletons into consumer-grade devices
that seamlessly support daily activities for personal mobility as-
sistance. To achieve this goal, exoskeletons must satisfy several
critical criteria, e.g., be compact, lightweight, and unobtrusive,
ensuring they do not interfere with common daily activities, such
as sitting inside a car or in a chair. In addition, they should be
designed to be worn discreetly under clothing, preserving users’
dignity and promoting greater social acceptance.

The first challenge in exoskeleton mechatronics design stems
from the limitations of actuators, which struggle to achieve
high torque density in a compact form factor. Most state-of-
the-art exoskeletons rely on commercially available conven-
tional actuators (e.g., standard Maxon motors) that are pri-
marily optimized for high-speed applications rather than the
low-speed, high-torque requirements of human assistance. To
address this challenge, recent studies explored quasi-direct-drive
actuators [15] for exoskeletons but have provided limited model-
ing and theoretical analysis of actuator design. Specifically, these
studies focused on optimizing gear ratios and motor air gaps but
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TABLE I
BENCHMARK WITH STATE-OF-THE-ART HIP EXOSKELETONS: COMPACT AND FOLDABLE HIP EXOSKELETON WITH HIGH TORQUE DENSITY ACTUATOR

overlooked critical aspects, such as the design of stator end wind-
ing lengths and the configuration of the motor’s stator teeth and
rotor pole pairs. Off-the-shelf motors often feature distributed
windings with long end turns, which increase thickness and
reduce torque density [16]. Furthermore, the arrangement of
stator teeth and rotor pole pairs is crucial for sufficient output
torque. The lack of an electromagnetic model of actuator design
has created a bottleneck, hindering the development of compact,
lightweight, and unobtrusive portable exoskeletons capable of
addressing the multifaceted needs of daily living activities [17].

The second challenge of exoskeleton mechatronic design lies
in achieving a balance between structural integrity, user com-
fort, and practical usage. State-of-the-art exoskeletons typically
employ rigid frames on the waist or thigh to ensure effective
assistance transmission at the cost of increased hindrance in
daily activities [18]. Moreover, the rigid frame designs often
fail to adequately adapt to the users’ body contours, leading
to discomfort during prolonged wear and compromised force
transmission between the device and the user [19], [20]. Fur-
thermore, this mismatch between human anthropometry and
robot design geometry can result in misalignment during move-
ment [15], [21], further exacerbates these issues, diminishing
both comfort and the effectiveness of assistance.

To address the first challenge of designing compact actuators
with high torque density for exoskeletons, our first method is
to develop an electromagnetic model to consider the actuator
design of high torque density motor with low gear ratio reducer
for exoskeletons. First, we derived a motor electromagnetic
model to determine motor design parameters to achieve suffi-
cient peak torque within a small size. Then, we designed a frac-
tional slot concentrated winding arrangement, which reduces the
end-winding length, improving torque density and maintaining
lightness. Finally, we designed stator and rotor pole pairs, a
critical factor for achieving sufficient peak torque. Through
the motor electromagnetic design, we developed our custom
compact quasi-direct-drive actuator with high torque density for
a portable powered hip exoskeleton with the design of a planetary
reducer with a gear ratio of 9.67:1 (see Table I).

To address the second challenge of compact mechanical
structure, we introduced two foldable mechanism designs that
enhance user comfort and adaptability without compromis-
ing assistance delivery. First, we introduced a foldable waist
belt with a self-aligning mechanism that ensures comfort and
facilitated portability that was partly inspired by a lower limb

exoskeleton [22]. Second, a foldable thigh brace with a self-
adjusting mechanism was proposed to accommodate body shape
variations and ensure proper alignment during movement while
being tolerant to minor misalignment between the actuator and
hip joint. The contributions of this work are: 1) we developed an
electromagnetic model to consider four key design parameters
(stator teeth number, rotor pole pair, end winding length, and
gear ratio) of the high torque density motor with a low ratio
gear for exoskeletons; 2) we proposed foldable waist belt struc-
ture with self-alignment mechanism and foldable thigh brace
with self-adjusting linear slider mechanism that enhances ex-
oskeleton adaptability and user comfort without compromising
assistance delivery.

II. DESIGN REQUIREMENTS OF COMPACT AND
HIGH-TORQUE DENSITY HIP EXOSKELETON

Hip exoskeletons should meet multifaceted requirements for
assisting the hip joint. They should be compact and not interfere
with the environment even when the robot is not providing phys-
ical assistance, such as sitting in a chair or inside a car. Further-
more, the robot should not interfere with adduction/abduction
movements. They should assist in daily activities such as walk-
ing and stair climbing. Finally, they should fit different sizes of
subjects. An overview of our compact and high-torque density
hip exoskeleton is shown in Fig. 1.

The peak assistive torque in hip exoskeletons is a critical
design factor: higher assistive torque tends to result in metabolic
reductions in ideal scenarios, but larger, heavier actuators and
exoskeleton structure may hinder their performance. A low peak
torque of 6 N · m only led to a minor metabolic rate reduction of
7% in [9], but excessive peak torque will result in an increased
metabolic rate due to the extra mass of the robot [23]. Finding
a balance between the peak torque and mechanical design (total
weight, mass placement, etc.) is a crucial design challenge.
Our exoskeleton design is intended to deliver small to medium
assistance, specifically within 20% to 30% assistance. Based
on biomechanical requirements, the exoskeleton is designed to
provide an assistive peak torque of 18 N · m. The hip exoskele-
ton must satisfy the kinematic and kinetic requirements of the
human hip joint. During walking, the hip joint exhibits two de-
grees of freedom (DOFs): flexion/extension in the sagittal plane
and abduction/adduction in the frontal plane. Therefore, the
exoskeleton must accommodate both DOFs. For level-ground
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Fig. 1. Our hip exoskeleton (bilateral mass 2.7 kg, 18 N · m peak
torque) consists of custom high torque density actuators (method 1),
foldable waist belt, and foldable thigh brace (method 2).

TABLE II
DESIGN REQUIREMENTS OF HIP EXOSKELETONS

walking, the typical range of motion (ROM) of the human hip
is approximately 32.2◦ in flexion, 22.5◦ in extension, 7.9◦ in
abduction, and 6.4◦ in adduction [15]. To support a wider range
of activities and a more diverse user population, our exoskeleton
is designed with an extended ROM: 130◦ flexion, 40◦ extension,
90◦ abduction, and 60◦ adduction, encompassing the maximum
limits of the human hip joint. The design requirements are
summarized in Table II.

III. ELECTROMAGNETIC DESIGN OF HIGH TORQUE DENSITY
MOTORS AND LOW RATIO GEAR

Although brushless direct current (BLDC) motors are popular
for exoskeletons, there is limited work on the principle of electric
motor design for compact portable exoskeletons. Thus, this
section aims to present the design principles of high torque
density actuators for exoskeletons. The constraints (see Fig. 2)
are determined by the gait kinetics requirements where the
actuator is demanded to provide the required torque τreq, torque
density ρτ req, angular velocity ωreq and backdrive torque τbreq.
Based on the human–robot interaction model, the actuator output
includes τmax(lend,ps,pr,n), ρτ max(lend,ps,pr,n), ωmax(lend,ps,pr,n),
and τbpeak(lend,ps,pr,n). With the input of four design parameters
(lend,ps,pr,n) and human–robot interaction principle, the output
(τmax, ρτ max, ωmax, and τbpeak) can be formulated to fulfill the
constraints of hip exoskeletons (τreq, ρτ req, ωreq, and τbreq). The
design parameters and performance of our actuator are listed in
Tables IV and V.

Fig. 2. Principle of BLDC actuator with four design parameters. (a)
Constraints are produced by gait kinetics including required peak torque
τreq, angular velocity ωreq, backdrive torque τbreq, and torque density
ρtreq. (b) Model of actuator electromagnetic design, considering ac-
tuator mass, size, and motor capability in terms of τmax(lend,ps,pr,n),
ρtmax(lend,ps,pr,n), ωmax(lend,ps,pr,n), and τbpeak(lend,ps,pr,n) to meet
design requirements. (c) Four design parameters of our actuator for
exoskeleton: end winding length, stator teeth number, rotor pole pairs,
and gear ratio. (d) Human–robot interaction model to denote required
actuator performance.

Fig. 3. Our custom motor with high torque density. (a) Stator assembly
with 18 stator teeth (see Fig. 6 for details). (b) Frameless exterior rotor
assembly with 10 pole pairs.

A. Model of Actuator Electromagnetic Design

Figs. 3 and 4 illustrate our BLDC motor featuring a double-
layer, nonoverlapping concentrated winding configuration. Each
stator tooth consists of a salient iron tooth encased by a nonover-
lapping concentrated armature coil. The rotor employs surface-
mounted, radially magnetized, tile-shaped permanent magnets.
The relationships between key design parameters and output
torque performance are derived from motor power and sizing
equations. Assuming a sinusoidal flux linkage and neglecting
winding resistance, the input power of the m-phase motor can
be expressed as [24]

Pin =
m

T

∫ T

0
Em sin (ωet) Im sin (ωet) dt =

m

2
EmIm (1)

where m is the number of phases, Em denotes the peak value of
the back electromotive force, Im is the peak value of the phase
current, T corresponds to the sine wave period, and ωe is the
electrical rotating speed. The permanent magnet flux per coil
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TABLE III
STATOR TEETH AND ROTOR POLE COMBINATIONS DETERMINATION

TABLE IV
FINAL DESIGN PARAMETERS OF OUR FRACTIONAL SLOT CONCENTRATED

WINDING MOTOR AND GEAR RATIO

TABLE V
CHARACTERISTICS OF OUR HIGH TORQUE DENSITY ACTUATOR AND

BENCHMARK WITH STATE-OF-THE-ART ACTUATORS

φm can be expressed as

φm = −φp cos (ωet) (2)

where φp is the peak value of permanent magnet flux linkage
and the permanent magnet flux per coil satisfies

φp ∝ kwvBmrgla (3)

where kwv , Bm, la, and rg are winding factor, magnet working
flux density, stack length, and airgap radius, respectively. The
back electromotive force e can be calculated as

e =
dΨm

dt
= Np

dφm

dt
= Npφpωe sin (ωet) (4)

where Ψm denotes the flux linkage in each phase winding, and
Np is the number of turns in each phase. The electrical rotating

Fig. 4. (a) Our highly integrated actuator, including a BLDC motor
with 18-stator-teeth, 10-rotor-pole-pairs, a double-layer nonoverlapping
fractional slot concentrated winding, and a 9.67:1 low gear ratio. (b)
Cross-sectional view of the mechatronic design of our compact actuator
composed of motor, gear, and motor driver with embedded sensors. (c)
Outer rotor of our motor is connected to the sun gear as input. Planetary
gears amplify the motor torque to the outer shaft connected to the thigh
brace of the exoskeleton.

speed ωe of the motor is

ωe = prωm (5)

where pr refers to the number of rotor pole pairs and ωm

is the mechanical rotating speed. The phase current Im can
be calculated from the coil area Ac and the current density
Jc as

Im = AcJc. (6)
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Fig. 5. Finite element method (FEM) simulation indicated that our
actuator could be functional under all four conditions, including no load,
nominal 6 N · m, twice overload 12 N · m, and peak 18 N · m conditions
with low iron loss and high efficiency. Meanwhile, our actuator maxi-
mizes core utilization through balance between saturation effect and
high output torque. (a) No load flux density. (b) Nominal 6 N · m flux
density. (c) Twice overload 12 N · m flux density. (d) Peak 18 N · m flux
density.

Fig. 6. (a) Our 18 stator teeth and 20 rotor pole ranked highest wind-
ing factor among various slot pole pair combinations. (Slot pole pair
combinations with winding factor kw>0.85 are shown here.) (b) Star
of slot diagram of our high torque density motor benefiting from high
winding factor, i.e., kw=0.945. The three-phase phasors are symmetri-
cally distributed to generate smooth rotating magnetic field and torque
production.

Meanwhile, the winding turns in each phase are calculated as

Np = ksfAs/Ac (7)

where ksf denotes the slot fill factor and As is the slot area. The
output power can be calculated as

Pout = ηPin = ηmNpprωrφpIm/2 (8)

where η is the efficiency. Thus, the electromagnetic torque Te

can be calculated as

Te =
Pout

ωr
= ηmprφpksfAsJc/2. (9)

From (8) and (9), it is found that the output torque within a
fixed active volume, i.e., the active torque density, is influenced
by the number of phases, slot filling factor, slot area, current
density, and the stator and rotor pole pairs number. A finite
element method (FEM) simulation was conducted to validate
the motors functionality under no load, nominal load, twice

overload, and peak load conditions which can be seen in Fig. 5.
It should be noted that the actual torque density is also affected
by the axial length of the stator end winding.

B. Design of Armature End Winding Length of Fractional
Slot Concentrated Winding for Small Thickness and
Small Diameter Motors

Our motor topology employs fractional slot concentrated
winding, offering the following three key advantages:

1) Low Cogging and Low Back Drive Torque: Compared
to distributed winding in off-the-shelf high speed motors,
fractional-slot concentrated winding eliminates the periodicity
between stator teeth and rotor poles [25]. As a result, fractional-
slot concentrated winding exhibits low cogging torque, which is
the primary contributor to backdrive torque.

2) Short End Winding Length: The end winding length of
the electric motor is closely associated with the actual torque
density. It is generally influenced by

lend =

{
kd · 1

pr
, Distributed winding

kc · 1
Q , Fractional slot concentrated winding

(10)

where Q is the number of stator teeth. The associated con-
stants, determined empirically as in (10), satisfy the condition
kd > kc. Consequently, fractional-slot concentrated winding
demonstrates a shorter end winding length. The phase resistance
rph can then be calculated as

rph =
ρlwNp

a1Ac
(11)

where lw = 2ls + lend is the winding length, ρ is the copper
resistivity, and a1 is the number of parallel branches.

For a motor with fractional-slot concentrated winding, the
reduced end winding length decreases both the copper mass
and stator winding resistance, thereby offsetting the increased
copper mass resulting from a higher slot filling factor. In addi-
tion, the short-span regular coils have a reduced axial length.
Consequently, for the same frame size, the motor stack length
can be increased, further enhancing the torque density per unit
of total volume of the motor.

3) Low Joule Losses and High Thermal Dissipation: For the
electric motor with nc coils per phase, the copper loss can be
calculated as

PCu = mncI
2
mN 2

p

(
ρlw

Asksf

)
. (12)

The copper loss is a function of the slot filling factor ksf and
winding length lw, i.e., PCu ∝ lw

ksf
. With a coil span of only one

tooth, tight, and neatly wound coils can be achieved.
An increased slot-filling factor effectively reduces wind-

ing copper loss for low-speed and high-torque quasi-direct-
drive motors, where copper loss constitutes the dominant
portion of the total loss. This makes fractional-slot concen-
trated winding particularly advantageous for the design of
high-torque-density motors with low copper loss and high
efficiency.
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C. Design of Stator Teeth and Rotor Pole Pairs for High
Output Torque

High-performance electric motors are required for exoskele-
tons, including high torque density, low back drive torque, etc.
These requirements are significantly influenced by the combi-
nation of the number of stator teeth and rotor poles [26]. The
selection of the most suitable stator teeth/rotor pole number
combination Q/2pr is based on the evaluation of the following
indices.

1) High winding factor (of main working harmonic) kw1 in
order to enhance the torque density (13)–(16).

2) Large least common multiple between (Q, 2pr), in order
to reduce the cogging torque (17).

3) Large and even great common divisor between (Q, 2pr)
in order to reduce the unbalanced magnetic radial forces
and increase the radial symmetry.

4) For the BLDC motor, the number of stator teeth should
be multiple of the phase number.

The pitch factor is used to account for the short coil pitch
configuration, which is calculated as

kpv = |sin (v · γ/2)| (13)

where v represents the spatial order of the armature field har-
monic component and γ is the mechanical coil span/pitch angle,
which is calculated by

γ =
2π
Q

·
[
Q

2ps

]
(14)

where [Q/2ps] is the largest integer that not exceeds Q/2ps.
The distribution factor accounting for the nonuniform distri-

bution of windings in the stator slot is calculated as

kdv =

∣∣∣sin
(

qvθs
2

)∣∣∣

q
∣∣sin

(
vθs

2

)∣∣ (15)

where θs is the mechanical slot pitch angle, i.e., 2π
Q , q is the

number of coil groups calculated as

q = Q/ (2m · tc · k2) (16)

where tc represents motor periodicity, which is the great com-
mon divisor of (Q, pr). k2=1 for double layer winding while
k2=2 for single layer winding. The winding factor consists of
pitch factor and distribution factor, namely kwv = kpv · kdv. The
magnitude of cogging torque is influenced by

Tcog ∝ 1/LCM(Q, 2pr) (17)

where LCM is the least common multiple.
According to (13)–(16), an acceptable winding factor kw1

(fundamental harmonic of winding factor) above 0.866 can be
obtained only if the slots-per-pole-per-phase is between 1/4 and
1/2, which is defined as

Spp = Q/ (2pr ·m) . (18)

If Spp < 1/4 or Spp > 1/2, a large portion of the rotor pole
of opposite polarity is under the same stator teeth, resulting
in a suppressed total back electromotive force in that phase
penalizing their attainable torque density. Indicated by (8) and
(9), a large rotor pole number is beneficial to high torque density

as they permit thin back iron and short end windings, helping to
maximize the active volume and enhance the package factor. Fur-
thermore, the cogging torque decreases when the least common
multiple between the number of stator teeth and the number of
rotor poles is increased according to (17). The typical stator teeth
and rotor pole pair combinations are summarized comparatively
in Table III and Fig. 6(a). The optimal stator teeth and rotor pole
pair number are determined to maximize the winding factor kwv ,
electromagetic torque Te and minimize the cogging torque Tcog.
Based on (3), (9) and (13)–(16), the final design of 18 stator
teeth and 20 rotor poles are determined, which achieves a high
winding factor of 0.945. The star of slot diagram of our final
design is shown in Fig. 6(b). The detailed design parameters are
summarized in Table IV. Note although combinations such as
15-stator-teeth-14-rotor-pole exhibit higher winding factor, they
violate index 3) and suffer from unbalanced magnetic force.

D. Planetary Gear With Low Transmission Ratio

A planetary gear mechanism seamlessly integrates the trans-
mission with our high-torque-density motor within a limited
space. Our transmission uses the sun gear (zs = 9 teeth) as the
input, the planetary carrier (zp = 34 teeth) as the output, and the
ring gear (zr =78 teeth) is fixed within the inner stator bore of the
motor featuring high packaging factor. According to Willis equa-
tion, our planetary gear has a gear ratio of 9.67:1 (n=zr/zs + 1).
Taking transmission into consideration, the torque of the actuator
output shaft To is calculated as

To = n · Te. (19)

IV. MECHANISM DESIGN OF FOLDABLE HIP EXOSKELETON

State-of-the-art hip exoskeletons are often characterized by
rigid frames and bulky structures. Although the rigid frame
effectively transmits the force from the actuator to the user, it
results in increased size and weight. In addition, exoskeletons
with rigid frames typically require expert assistance for proper
donning. Consequently, designing an exoskeleton that effec-
tively transmits torque while remaining compact, lightweight,
and capable of self-aligning to the wearer’s body type, namely
ensuring transparency, remains a significant challenge. Fold-
able mechanism designs are considered in our hip exoskeleton
design. The foldable waist belt design allows the exoskeleton
to better align with the wearer while the foldable thigh brace
allows the exoskeleton to be mechanically transparent without
any hindrance to human daily activities.

A. Foldable Waist Belt With Self-Alignment Mechanism

A foldable waist belt with a self-aligning mechanism was
designed to ensure body conformity and prevent misalignment
during operation. The force-free body diagram and transmission
are shown in Fig. 8. Compared to our previous design, our new
exoskeleton is 29% lighter and 55% smaller while being able to
be made into multiple sizes to accommodate more body types.
Wearable straps minimize actuator-induced motion by coun-
teracting frame movement, namely, pulling the frame clock-
wise during flexion and counterclockwise during extension. The
flexible frame enhances conformity, stability, and foldability
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Fig. 7. Our previous exoskeleton [14] still suffers from mechanical
interferences when sitting in a chair or a car seat. Benefitting from
our high torque density actuator and foldable mechanism design, this
exoskeleton is highly compact and unobtrusive. The previous exoskele-
ton used an adjustable rigid frame and was a one-size-fits-all solution
with a weight of 3.7 kg and volume of 525 mm× 350 mm× 220 mm.
The new robot offers small, medium, and large sizes. The medium
size exoskeleton (this design) has a weight of 2.7 kg and volume of
460 mm× 180 mm× 220 mm and is more compact (55% reduction)
and lightweight (29% reduction) compared to our previous design.
(a) Previous hip exoskeleton with bulky size (3.7 kg). (b) This work:
compact foldable portable hip exoskeleton (2.7 kg). (c) Side by side
comparison of previous and current exoskeleton.

for convenient storage, accommodating various body types and
enabling single-person operation. The main structure was 3D-
printed using carbon fiber-infused nylon (ONYX, Markforged),
balancing simplified manufacturing with high strength and stiff-
ness through an optimized reinforcement printing method.

B. Foldable Thigh Brace With Self-Adjusting Linear
Slider Mechanism

Most hip exoskeletons use a pivoting passive joint at the
thigh interface, allowing the brace to tilt with the thigh an-
gle, but additional motion occurs during hip flexion. As the

Fig. 8. Force free-body diagram of our exoskeleton to inform custom
textile strap design. Our exoskeleton provides assistance for both hip
flexion and extension. To minimize the induced motion about the pivoting
point, we designed textile straps that are arranged to minimize wobbling
of waist belt due to the reaction forces generated by the actuators.

Fig. 9. Operation of the self-aligning thigh brace with a linear slider
during the gait cycle. The passive self-aligning thigh brace can move
linearly in parallel with the thigh axis using a roller bearing. This design
was based on human biomechanics due to the fact that as the hip joint
flexes, the distance from the point of rotation and the position securing
the thigh arm also shortens. With the self-aligning mechanism, during
the swing phase of human gait, the thigh brace can move accordingly
with the wearer to prevent misalignment.

hip joint flexes, the distance between the thigh brace and the
center of the actuator also shortens, as can be seen in Fig. 9.
Thus, the conventional exoskeleton will press into the wearer
as both ends of the thigh bar remain fixed. This fixed setup
can cause discomfort, and if the hip exoskeleton fits loosely,
the actuator may shift out of place during use. To solve this
problem, our exoskeleton uses a sliding mechanism to provide
flexing and extending assistance while allowing the thigh to
move naturally. The curved thigh arm directs the actuator’s
force perpendicular to the thigh surface at the point where
the brace wraps around it. Enabling more natural movement
makes the exoskeleton feel more transparent, enhancing com-
fort while reducing the need for precise positioning or skill to
wear it.

V. EXPERIMENTS

To verify our design, we conducted benchtop and human
experiments. Our actuator was connected to the hysteresis
brake (PB-A-5) through the torque sensor (DYN-210) shown
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Fig. 10. Testbed setup for benchtop experiments of our actuator. The
thermistor is embedded adjacent to the armature winding and power
switch.

Fig. 11. Our actuator demonstrates high output torque, high output
power, and high operation efficiency. (a) Predicted torque and measured
torque under various armature currents; efficiency under various torque
outputs. (b) Input power and output power under various torque outputs.

Fig. 12. Our actuator demonstrated stable thermal performance under
natural air cooling. (a) Temperature under continuous nominal torque
(6 N · m, red lines) is equivalent to that under assistive peak torque
(18 N · m) according to the integral equivalence principle. Another light-
load working condition (4 N · m, blue lines) is also exhibited. (b) and (c)
Steady-state temperature after one hour of continuous nominal torque
and continuous 4 N · m torque, respectively.

in Fig. 10. All subjects were informed of the experiment proto-
col and consented before participating in the experiments. Our
protocol was approved by Institutional Review Board at NCSU
No. eIRB #26017.

A. High Torque Density Actuator for Compact
Exoskeleton

To validate the actual performances of our actuator, we built
the benchtop and conducted comprehensive experiments as in-
dicated in Figs. 11 and 12. It was tested across various torque
outputs at a shaft speed of 100 r/min to fully meet the biological
joint speed requirements. The measured torque matches well
with the predicted torque as shown in Fig. 11(a). The deviation of
torque becomes relatively larger as the current goes up due to the

saturation effect. Moreover, the input power, output power, and
efficiency were measured under 60 r/min and 100 r/min, respec-
tively. The measured results demonstrated high output torque,
high output power, and high operation efficiency, as shown in
Fig. 11(a) and (b). In addition, the temperature variations of the
motor hot spot, namely armature winding, and the motor drive
are measured under nominal load and continuous 4 N · m load.
The measured results indicated stable thermal performance in
natural air cooling. Furthermore, the performance of our actu-
ator compared with off-the-shelf high-speed motor and quasi-
direct-drive actuators was summarized in Table V, including
conventional high-speed motor Maxon EC45, quasi-direct-drive
MyActuator RMD-X8 and quasi-direct-drive T-motor AK80-9.
Among these, our actuator delivered the highest torque density in
the pool. Furthermore, our actuator achieved the highest package
factor with the lowest weight and the smallest size among all
quasi-direct-drive actuators. This is critical for low backdrive
torque and natural movements [27]. As shown in Fig. 7, the
proposed hip exoskeleton weighs 2.7 kg, a significant reduction
compared to our previous hip exoskeleton, 3.7 kg in [14]. This
is attributed to the high torque density of our actuator and
the foldable mechanism design, making the new exoskeleton
compact, portable, and unobtrusive in daily living.

B. Metabolic Cost Reduction During Walking With Young
and Older Adults

To meet the multifaceted requirements of exoskeletons, we not
only evaluated their mechatronic performance, but also assessed
their human assistance performance, specifically focusing on
net metabolic cost reduction which is between Assist On versus
No Exo. Measured metabolic cost refers to energy expenditure
during a task after subtracting the resting metabolic rate. Note
gross metabolic reduction is between assist on versus assist off.
We recruited nine non-disabled subjects (6 young: 4 males, 2
females, age 29.2 ± 4.66; 3 older: 2 male, 1 female, age 68.67
± 1.7) and measured their metabolic rate using an analyzer
mask (volume of oxygen consumed (VO2) Master). We began
with walking tests, as it is one of the most common daily
activities. The treadmill walking trials were conducted with
the eight non-disabled participants under two conditions, with
assistance from our exoskeleton and without our exoskeleton.
Each subject walked on the treadmill at a speed of 1.25 m/s for
six minutes under one condition, following a test period of 10
min. Afterward, the subject walked at the same speed for another
six minutes under another condition. The last two-minute net
metabolic results were analyzed as shown in Fig. 13(a). The net
metabolic rate was reduced by 13.75% on average for 1.25 m/s
walking with our exoskeleton assistance compared to the No
Exo condition for young adults, which is a larger reduction
than the state-of-the-art hip exoskeleton reported in [8] with
a reduction of 9.3% for 1.5 m/s walking and thus validating
our actuator and mechanical design. Our robot can assist both
extension and flexion for the hip joint while the robot in [8]
can only assist extension. The objective of human subject ex-
periments was to demonstrate the mechatronics capability, but
not to minimize metabolic cost rate. Thus, we used Samsung’s
controller [28] to benchmark with the state-of-the-art instead of
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Fig. 13. Our exoskeleton helped reduce net metabolic cost for both
walking and stair climbing as well as for both young and older adults.
There are 3 novice exoskeleton users in the 6 young adults and all 3
older subjects are novice users. (a) Walking test of young (n = 6) and
older (n = 3) subjects. (b) Stair climbing test of young subjects (n = 6).

our RL controller. Furthermore, the maximum assistive torque
was individually tuned based on each user’s preference. For all
participants, the peak assistive torque was within the range of
6–8 Nm. Experienced users typically exhibited larger metabolic
cost reduction [29]. In this article, 3 out of 6 young adults were
novice users, so if all the subjects were experienced users, the
overall net metabolic reduction may reduce further.

Fig. 14. Net metabolic rate results for walking and stair climbing exper-
iments for all populations. The average net metabolic rate was reduced
by 13.75% for young adults and reduced by 8.74% for older adults during
walking at 1.25 m/s. It was reduced by 9.11% for young adults during
stair climbing.

C. Metabolic Cost Reduction During Stair Climbing With
Young Adults

Stair climbing is another common activity for assistance in
daily living. The experiment was conducted using a StairMaster
stair machine at level 7 (60 steps/minute), involving six non-
disabled young subjects. Each subject climbed the stairs for
six minutes with and without the exoskeleton. A 10-min break
between each trial is arranged. The net metabolic cost during
the stair climbing experiment decreased by 9.11% on average
as shown in Fig. 13(b). These results (see Fig. 14) demonstrated
that our robot can reduce metabolic cost during walking and
stair climbing with both flexion and extension assistance of hip
joints.

VI. CONCLUSION

Our actuator and two foldable mechanism were designed
heuristically, which may not provide the optimal solution for
maximizing overall performance. To isolate the impact of con-
trol algorithms, we employed the same gait cycle-based con-
troller [28] in our robot to evaluate metabolic cost reduction,
aiming to understand the contribution of the mechatronic design.
Preliminary results from human subject experiments demon-
strated the feasibility of our exoskeleton in reducing metabolic
cost for both young and older adults, likely due to our lightweight
design minimizing metabolic cost penalties. In this article,
we focus on studying the assistive effects (immediate effect)
of mobility support for non-disabled young and older adults.
Our long-term vision is to assist both non-disabled individuals
and those with gait impairments, including musculoskeletal
conditions such as sarcopenia (muscle weakness) and hip os-
teoarthritis, as well as neurological impairments like Parkin-
son’s disease. One limitation of the 3D-printed waist belt is its
softness, which may compromise the efficiency of delivering
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more than 10 Nm torque. Future work will involve metal mate-
rial design of waist belt and systematic human experiments to
understand capability of our robot.
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