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Design and Backdrivability Modeling of a
Portable High Torque Robotic Knee Prosthesis
With Intrinsic Compliance for Agile Activities

Junxi Zhu”, Chunhai Jiao, Israel Dominguez

Abstract—High-performance prostheses are crucial to
enable versatile activities like walking, squatting, and run-
ning for lower extremity amputees. State-of-the-art pros-
theses are either not powerful enough to support demand-
ing activities or have low compliance (low backdrivability)
due to the use of high speed ratio transmission. Besides
speed ratio, gearbox design is also crucial to the compli-
ance of wearable robots, but its role is typically ignored
in the design process. This article proposed an analyti-
cal backdrive torque model that accurately estimates the
backdrive torque from both motor and transmission to in-
form the robot design. Following this model, this article
also proposed methods for gear transmission design to
improve compliance by reducing inertia of the knee pros-
thesis. We developed a knee prosthesis using a high torque
actuator (built-in 9:1 planetary gear) with a customized
4:1 low-inertia planetary gearbox. Benchtop experiments
show the backdrive torque model is accurate and proposed
prosthesis can produce 200 Nm high peak torque (shield
temperature <60 °C), high compliance (2.6 Nm backdrive
torque), and high control accuracy (2.7/8.1/1.7 Nm RMS
tracking errors for 1.25 m/s walking, 2 m/s running, and
0.25 Hz squatting, that are 5.4%/4.1%/1.4% of desired peak
torques). Three able-bodied subject experiments showed
our prosthesis could support agile and high-demanding
activities.

Index Terms—Backdrive torque modeling, high compli-
ance, high torque actuator, powered prosthesis, wearable
robots.
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[. INTRODUCTION

HERE are more than 6 00 000 people in the United States
T that have had lower limb amputations [1]. These subjects
suffer great physical and mental pain due to low mobility, which
prevents them from recovering and rejoining society. A common
way to assist amputees in recovering basic mobility is using
a prosthesis, either passive, semipowered, or powered. Passive
prostheses are usually designed to be lightweight and low-cost
but support walking tasks in a rigid and unnatural behavior.
A semipowered prosthesis can achieve better performance to
absorb impact and reduce the risk of falling for limited activities
(e.g., walking) [2], [3].

To achieve assistance to agile activities, a fully powered pros-
thesis is required to produce higher torque than a semipowered
design to satisfy the high energy requirements. But existing fully
powered prostheses typically have to compromise compliance.
This is because the high torque capability is usually achieved
by the combination of high speed ratio transmission and low
torque motor [4]-[6], while a large speed ratio causes high
inertia and low compliance. Active compliance of a system is
achieved through sensing and feedback control whereas intrinsic
compliance is equivalent to the external torque needed to back-
drive the system [7] and is affected by system properties such
as friction and inertia. Low compliance is undesirable because
residual limb and connection socket have to withstand con-
siderable cyclic impacts from locomotion, which cause drastic
discomfort to the amputee subjects and reduce the reliability of
the prosthesis itself [8].

Prostheses that can generate high torque while remaining
intrinsically compliant are crucial for agile activities. Though
high active compliance is not achievable under high torque,
intrinsic compliance is still maintained to ensure safety and
comfort. Series elastic actuators (SEAs) [9] were developed to
address the two requirements. By introducing an elastic compo-
nent (typically a spring with a fixed stiffness) between the motor
and end effector (Fig. 1), SEAs can enhance the compliance and
absorb the external disturbance [5], [9], [10]. However, SEAs
cannot adapt to different activities (such as walking, squatting,
and running) because such activities impose a large range of
stiffness requirements. In order to achieve the desired stiffness,
variable stiffness actuators (VSAs) were introduced to overcome
the shortcoming of SEAs. VSA paradigm can achieve finer
control of the apparent stiffness by using two motors to modulate
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Fig. 1. Our prosthesis consists of a high torque motor and low inertia
gear transmission, which can achieve high torque and high intrinsic
compliance with a simple mechatronic design for portability. Our actua-
tion paradigm can meet the multifaceted requirements of agile wearable
robots, including high torque, high compliance, and simple design for
portability.

both stiffness and equilibrium position [11]. However, both SEA
and VSA add extra mass to the system due to extra elastic
components, sensors, and/or motors. In addition, the use of
elastic components improves compliance by sacrificing control
bandwidth, which may not be suitable for activities that require
fast response.

Attaining high torque and high intrinsic compliance while
keeping a simple structure for portability of robotic prostheses
requires innovative design of both motor and transmission. Our
previous work [12], [13] employed a quasi-direct drive (QDD,
transmission ratio <10: 1) actuation paradigm on a hip and
knee exoskeleton that use high torque motor coupled with a low
transmission ratio. This is a promising solution as it regulates
the robot compliance electronically by controlling parameters
in the motor control loop, whereas SEA and VSA achieve so by
using mechanical structures (Fig. 1). However, prior work only
focused on the motor and did not consider the importance of the
gear design to achieve high compliance of wearable robots.

Backdrive torque is an important metric to assess the compli-
ance performance of a robot. It is well-known that motor inertia
and gear ratio are two keys to minimizing backdrive torque.
However, transmission components such as gearboxes also have
inertia and friction that are not negligible for a compliance
model. Backdrive torque consists of acceleration-dependent
terms and velocity-dependent terms, which are correlated with
actuator inertia and friction, respectively. To improve the over-
all intrinsic compliance of an actuator while achieving higher
torque capability, it is necessary to optimize the design of the
transmission for low inertia and less friction. The selection and
design of both motor and transmission need to be considered.
Common ways to improve transmission compliance include
using a small transmission ratio, reducing the number of rotary
components, and improving transmission efficiency. There have
been several work on improving the transmission efficiency by
using a high-efficiency gearbox [14]-[16]. In this work, we de-
signed a planetary gear transmission with low inertia to improve
an actuator’s overall compliance. We proposed a comprehensive
actuation model that considers both motor and transmission to
estimate the backdrive torque and is valuable to estimate the

TABLE |
DESIGN REQUIREMENTS OF KNEE PROSTHESIS

Parameters 1.25m/s| 0.25Hz | 2.5 m/s Our
Walking| Squatting [Running| Design
Peak torque (Nm) 44 133 200 >200
Joint speed (rad/s) 4.3 2.4 8.1 8.1
Range of motion (deg) | 10-60 | 0-130 | 15-90 | 0-130

intrinsic compliance of the design before manufacturing, thus
facilitating optimization in the early design phase.

The contributions of this article are as follows. First, this
work proposed an analytical backdrive torque model that can
accurately estimate the backdrive torque of a wearable robot.
This model provided the principle to guide the design meth-
ods for highly compliant wearable robots and elucidated that
highly compliant prostheses should consider both motor and
gear transmission in the design. Second, this work proposed
methods for the gear transmission design to improve compliance
by reducing transmission inertia of a wearable robot. To the
best of authors’ knowledge, this is the first work to take into
consideration the effect of gear transmission through modeling
and design methods to enhance the compliance of wearable
robots. Our prosthesis can generate a peak torque of 200 Nm
with a backdrive torque of 2.6 Nm. The benchmark result shows
our design has the highest torque capability with high output
speed, indicating the proposed design has the potential to be
used for agile activities (e.g., squatting and running) to further
restore the mobility of lower extremity amputees.

Il. KNEE BIOMECHANICS AND DESIGN REQUIREMENTS
FOR AGILE ACTIVITIES

Walking, squatting, and running are all common activities in
daily life. However, they impose significantly different torque
and speed requirements. Using the biological references from
the public dataset on able-bodied subjects, walking requires
medium torque and medium speed, whereas squatting demands
high torque and low speed. Running, on the other hand, demands
both high torque and high speed. Based on the biological torque
and speed profile for an 80 Kg subject [17]-[19], the knee joint
needs to provide 44 Nm torque and 4.3 rad/s speed for walking at
1.25 m/s, 133 Nm torque, and 2.4 rad/s speed for full squatting
at about 0.25 Hz, and 200 Nm torque and 8.1 rad/s speed for
running at 2.5 m/s, as shown in Table I.

In addition, the prosthesis should also have high compliance
to deliver more natural assistance to the user. It can also enable
inertially driven swing motion, which is beneficial to the co-
ordination with the thigh motion [3]. Our target is to design
a compliant fully powered knee prosthesis that has smaller
resistive torque than that of the biological knee joint, which is
around 5 Nm calculated by the product of biological knee joint
damping factor (about 1.1 Nm - s/rad) and knee joint velocity
(about 4.3 rad/s) [20]. Finally, the prosthesis is required to
be lightweight so that it is compatible with the sound limb
and fits the natural movement of the residual limb. Based on
one literature [21] studying the effect of prosthesis weight on

Authorized licensed use limited to: N.C. State University Libraries - Acquisitions & Discovery S. Downloaded on June 23,2022 at 08:22:22 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

ZHU et al.: DESIGN AND BACKDRIVABILITY MODELING OF A PORTABLE HIGH TORQUE ROBOTIC KNEE PROSTHESIS 3

amputee subjects, our prosthesis should have less than 30% of
the leg mass. Thus the prosthesis should weigh less than 3.8 Kg.

[ll. MECHATRONICS DESIGN OF HIGH TORQUE AND
COMPLIANT KNEE PROSTHESIS

The main objective of the proposed portable powered knee
prosthesis design is to achieve high output torque to enable
agile tasks while still ensuring high compliance to reduce impact
and save energy. This section detailed the modeling and design
of our high torque and compliant knee prosthesis, including
actuator paradigm, intrinsic compliance (represented by back-
drive torque) modeling, and design of the low inertia planetary
gearbox. The mechatronics design of the knee prosthesis is also
presented.

A. Exterior Rotor High Torque Motor

The objective of motor design is to determine the actuation
paradigm (high-torque motor with low gear ratio, or low-torque
motor with high gear ratio) and which type of motor to use
(exterior rotor or interior rotor). For the first objective, in a motor-
gear transmission actuator system, actuator torque Tycwator 1S
proportional to motor torque Ty and transmission ratio Ny,
as in (1). Therefore, high torque capability leverages a high
torque motor, high transmission ratio, or their combination. On
the other hand, the actuator compliance is related to the actuator
reflected inertia as in (2), which is proportional to motor inertia
and transmission ratio squared. High compliance leverages low
actuator reflected inertia, which requires a low transmission
ratio, low motor inertia, or their combination.

Tactuator = Tmotor X Viran (1

2
Ireﬂected = Imotor X ]Vtran’ (2)

It can be deducted from (1) and (2) that there is a tradeoff
between high torque output and high compliance in terms of
transmission ratio. In this section, we show in detail the un-
derlying principles between the two and propose a method to
satisfy the design requirements under these constraints. For a
brushless direct current electric motor (BLDC), motor torque
Tmotor 1S proportional to the motor length [ and motor air gap
radius squared r2, and motor inertia o0 iS proportional to
the motor stator length [ and the motor air gap radius cubed
r? as in (3) and (4) based on the motor scaling law in [22].
With the increase of motor torque 7Tyotor, Motor inertia oo Will
also increase. Thus, higher torque capability of the actuator will
certainly increase the actuator inertia. In the ideal condition,
we assume the motor can be arbitrarily scaled to any size, the
gearbox has no mass and friction, and the motor mass Moo and
actuator torque T,eruator remain the same despite the size change.
Motor stator mass typically makes up most of the motor overall
mass. Assuming the same stator surface areal density, the stator
mass (and thus the motor mass) is proportional to the motor
stator length [ and the motor air gap radius r as in (5) [22].

Tmotor X Ir? 3)

T inotor o< I’ “)

Mmotor o< 7. 5)

To maintain the same actuator torque, the transmission ratio is
inversely proportional to the motor torque. By further substitut-
ing (5) into this relationship, it shows the inverse proportionality
between transmission ratio and air gap radius assuming that
motor mass does not change with respect to size.

Tactuator 1 1 1

ke - 6
x lr? x M imotor” x r ©)

]Vtran =

Tmotor

Combining (2), (4), and (6), the total actuator torque-inertia

ratio is a constant and irrelevant to r as in (7). It indicates that

large-radius high-torque pancake motors with a small transmis-

sion ratio and small-radius low torque cylindrical motors with

a high transmission ratio should theoretically have the same
reflected inertia.

2 1
Tactuator Irx
X

5 =
(1)

However, torque-inertia ratio of the two paradigms is not
a constant as in (7) once inertia and friction of the gearbox
are considered. Previous studies [3], [5], [23] used a relatively
large transmission ratio coupled with a low-torque motor. While
these designs have relatively smaller mass and size, the large
transmission ratio results in lower compliance, lower efficiency,
and high frequency unpleasant audible noise [24]. Therefore, a
large torque motor coupled with a small transmission ratio is
preferred and would lead to improved performance [24]. The
combination of a high torque motor with low ratio gear shows
higher torque and compliance performance and was used in
legged robots [25] and wearable robots [8], [12], [26].

For the second objective of motor design, to ensure that the ac-
tuator can produce large torque with a low transmission ratio, the
motor itself should have high torque output capability to satisfy
the demanding needs of agile activities. Previous studies mod-
eled and validated two typical motor designs: interior rotor motor
and exterior rotor motor [27], [28]. They showed that with a fixed
motor axial length [ and outer radius R, the exterior rotor motor
has a higher output torque than the interior rotor motor. This is
because the motor output torque is proportional to the product
of the Lorentz force on the rotor and the air gap radius. Since the
Lorentz force is also proportional to the motor stator area, then
the motor output torque is proportional to the stator area and air
gap radius. For an interior rotor motor, the stator area is propor-
tional to (R? — r2), whereas for an exterior rotor motor, the stator
area is proportional to 1> [27]. Thus we obtain the relationship
between motor output torque and air gap radius for both types
of motors as shown in (8) and (9), where c is a common factor.

3
—_

(N

I reflected

2
T r
Tinterior rotor = € <1 - m) R (8)
3
-
Texterior rotor — cﬁ- (9)

It can be observed that for an interior rotor motor, the output
torque achieves its maximum when the rotor and stator of the
interior rotor motor have the same area (i.e., r = R/ \/E).
For an exterior rotor motor, however, the output torque grows
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Fig. 2. Backdrive torque model for the actuator. 7o is the resistance
moment caused by motor back electromotive force, and r, is the motor
no-load torque. I,,, and I, are the inertia of the motor and transmission,
respectively. N; is the transmission ratio, w; is the angular acceleration
of the load, and 7, is the overall backdrive torque of the actuator.
The transmission inertia I; (in the green box) is normally ignored in
conventional robot design even though it should be considered.

monotonically as the stator area increases. Thus, an exterior rotor
motor should be used to produce high torque.

In practice, the air gap radius r of an exterior rotor motor
can be made as large as possible and close to R to maximize
the torque output, as long as there is enough space for the rotor
to produce the necessary magnetic field. Even though magnetic
saturation is considered, exterior rotor motor can still produce
higher torque than its internal rotor counterpart. In addition, the
large hollow space at the center of the external rotor motor can
accommodate a built-in small transmission ratio gearbox to step
up the output torque and reduce the cogging effect. This makes
the actuator compact which in turn makes the knee prosthesis
less bulky. Therefore, the above-mentioned analysis informs us
to use a new commercially available BLDC exterior rotor motor
(T-motor AK10-9) with a high-torque low-speed characteristic,
and it has a built-in 9:1 planetary gear transmission. It has a high
torque constant of 0.16 Nm/A and can produce a nominal torque
of 18 Nm and a peak torque of 48 Nm.

B. Modeling of Dynamic Backdrive Torque

Dynamic backdrive torque 73, of an actuator, defined as the
minimum torque to rotate the output at a particular speed and
acceleration, is derived as in (10)—(12). It is a representation of
the intrinsic robot compliance (compliance that does not rely
on active control). In addition to transmission ratio and motor
inertia, compliance is also affected by other design factors such
as the inertia of rotary components and transmission efficiency.
A transmission with low inertia is crucial to improving over-
all compliance performance. We proposed a backdrive torque
model that considers both motor and transmission (Fig. 2).

W
Temf = Ky Kvaotor’ K Ip (10)
Low = Ly Nf + 1y, I = (11)
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Fig. 3. (a) Compound planetary gear with planetary gear carrier as
output [8]. (b) Single planetary gear with planetary gear carrier as
output. (c) Single planetary gear with ring gear as output (ours). From
(13)—(15), the selected single planetary gear with ring gear as output (c)
has fewer rotary components (more compliant) compared with (a) and
(b). A - sun gear, B - ring gear, C and D - planetary gears, X - planetary
gear carrier.

TABLE Il
PARAMETERS OF THE PLANETARY GEARSET

Gearset type 2K-H-A
Transmission type sun gear input, ring gear output
Actual transmission ratio 3.93
Gear modulus (mm) 2
Center distance (mm) 35.5
Teeth width (mm) 14
Gears A B C
Number of teeth 14 55 20
Addendum modification 0.55 0.3 0.57
Unit: mm Planetary - sun gear Ring gear Bearing
106 Input shaft gear carrier (input) (output) Cover
Motor
a
~N Bewiog Planetary gear
Left frame L
Loadcell adapter Rght:frame
Pyramid adapter

= 2 6-axis loadcell

Fig. 4. Sectional and exploded view of our actuator design. By using
sun gear as input and ring gear as output, we reduced the rotational
inertia of the planetary gear carrier and revolution inertia of the planetary
gears (15). The reduced overall inertia helps our actuator to achieve high
intrinsic compliance.
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Fig. 5. Our actuator had 2.61 Nm RMS dynamic backdrive torque,
which decreased 25% compared with a baseline actuator (3.57 Nm).
Shaded areas show standard deviations. Our backdrive torque model
using (10)—(12) can accurately estimate the actual backdrive torque, and
thus is able to reflect the compliance of our actuator.
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Fig. 6. Thermal test results show our designed knee prosthesis can
continuously and safely provide desired assistance for agile activities.
(a) Actuator dyno test platform. (b) Biological knee torque references for
three activities used in the thermal test: walking (peak: 44 Nm, 7.2 A),
running (peak: 200 Nm, 32.7 A), and squatting: (peak: 133 Nm, 21.7 A).
(c) Motor winding temperature profiles for 60 m. (d) Observed maximum
actuator shield temperature is 58.9 °C.
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Fig. 7. Actuator torque tracking result for walking, running, and squat-
ting. Our actuator achieves high tracking accuracy with an RMS error
of 5.4%, 4.1%, and 1.4% of the torque magnitude, compared to about
7.8% error in [31].

(Temf + Tn) Nt + Ilotalwl
n

where 7 is the transmission efficiency, K; and K, are motor
torque and velocity constant, Roor 1S the winding resistance of
the motor, and [, is the motor no-load current. The subscript
j in I; refers to any rotating component in the transmission,
including a sun gear, planetary gear, carrier, bearings. [V, is the
transmission ratio of the external second-stage gearbox, IV, is the
speed ratio of the jth rotating component relative to the output.

Ty —

(12)

C. Low-Inertia Compliant Gear Design

Once the motor is determined, the design of the external
gearbox is the next important step to reaching high compliance.
To reach 200 Nm peak torque, the prosthesis requires an external
4:1 gearbox besides the built-in 9:1 gear. For this gear ratio, a
planetary gear transmission is an ideal option.

The first step of the compliant gearbox design is to determine
the transmission type. In general, the transmission type can be
divided into compound and single planetary gear according to
the structural characteristics of the planetary gear. Compared

with compound planetary gear that contains two stages, single
planetary gear has a simpler structure and is suitable for low ratio
transmission. In addition, in terms of the direction of the output,
transmission type of the planetary gearset can be divided into
axial output and radial output. For the axial output type, sun gear
is usually active (input) and planetary gear carrier is passive with
ring gear being fixed, where planetary gears rotate along their
axis as well as revolve around the input shaft simultaneously.
On the other hand, sun gear in the radial output type is usually
active (input) and ring gear is passive with planetary gear carrier
being fixed, where planetary gears rotate only along their axes.
Although the advanced prosthesis design presented in [8] used
the compound planetary gears with axial output transmission
type as shown in Fig. 3(a), the single planetary gear structure
with radial output type (ring gear as output) shown in Fig. 3(c)
is more suitable for this case to maximize the compliance (low
inertia). Compared with Fig. 3(a) and (b), this transmission type
has the simplest structure and eliminates the need for extra
components to convert the output direction, thus having a lower
moment of inertia.

To show that our design in Fig. 3(c) results in the best
compliance, moment of inertia of the three types in Fig. 3 were
compared with each other. The simplified moment of inertia of
the three different planetary gear transmission types, I, I and
1., are derived in (13)—(15), respectively

1 1
I, = 3 mary + Em(ﬂ“zc + EmDT%) + Mearier Carrier
+ mC(rC + rA)2 + mD(Tc + T‘A)z + mframergrame
(13)
2 1 2 2 2 2
Iy = 2 mary+ EmCTC +MearrierT carrier Tl e T Miframe frame
(14)
1 1
Lo = 5 marj + 3more + mpryp. (15)

Assuming that three transmission types use the same sun
gear, planetary gear, and ring gear, it can be deduced that our
configuration in Fig. 3(c) (15) has the lowest moment of inertia
because it uses the least components.

Once the transmission type is selected, the next step is to
determine gear parameters (Table IT). To maximize compliance,
the design should make the structure of gearset as compact and
lightweight as possible, meanwhile satisfying the boundary con-
ditions such as overall transmission ratio and bending strength
of the root of gear teeth. Therefore, our primary selection of
the teeth number of sun gear z4 is 14, which is the minimum
number without causing undercut during machining. Based on
the overall transmission ratio requirement, assembly condition,
and concentric condition (16)—(18), the teeth number of the ring
gear zp and the planetary gear z¢ are determined as 55 and 20,
where N; = 4 is the target transmission ratio, n, = 3 is the
number of planetary gear, [C] means C' needs to be an integer,
Az isthe reduction in the number of planetary gear teeth, which
is 0.5, and is determined by the gear addendum modification
such that z¢ is an integer. The gear addendum modification is to
enhance the contact strength and durability, which is commonly
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Fig. 8. (a) Able-bodied subject wearing the designed knee prosthesis. We show the averaged knee position, torque, and power profiles of the

subject as well as biological values from the literature for (b) treadmill walking at 1.25 m/s, (c) running at 2 m/s, and (d) squatting at 0.25 Hz. Shaded
areas show standard deviations. The results show that our prosthesis can support versatile high-demanding activities.

used for small gears.

zp = z4 X N, (16)

Zatzip _ (C] (17)
np

o=B" 2 _ An (18)

2

According to (14), the actual transmission ratio N, =
55/14 = 3.93, which has 1.75% error with the target transmis-
sionratio [Ny = 4 but falls within 5% error bound. Then, the gear
modulus m was determined by (19), where Ty = 54 Nm, the co-
efficients K,, = 12.1, K4 = 1.1, Kpx = 2, Kpp = 1.075,
Yra1 = 2.25,¢04 = 0.5,0F1im = 816 MPawere obtained from
[29]

= 1.85.  (19)

TAKAKprs KrpYr,
mZKmSAA};E rrYFal
PdZi0Flim

To make the gearbox as lightweight as possible, the gear
modulus m was chosen to be 2. To ensure feasibility and
reliability, bending strength verification was performed on the
root of the gear teeth as in (20), where d; = 28,0 = 14,m = 2
and the coefficients K = 1.27, Yg,1 = 1.76, Y. = 0.75,
SFmin = 1.25, Yy = 0.92,Ysr = 2 were obtained from [29].
It can be deduced that the actual bending stress o r is well below
the maximum allowed bending stress [0 F].

2000KT.
op = ———Yra1Ysa1 Ye = 519.6 MPa < [O’F]
d]bm
— JEmZST v~ 1201.1 MPa. (20)
SFmin

Through the process earlier, the parameters of the compliant
gear can finally be determined, as shown in Table II.

D. High Demanding Knee Prosthesis

The overall design of the knee prosthesis is shown in Fig. 1.
It consists of an L-shaped adapter, a customized actuator, a six-
axis loadcell, a pylon, and a footplate (Freedom Innovations,
Australia). The control board, target PC, and the battery are tied
around the waist of the subject. The weight of the knee actuator
aloneis 2.8 Kg, and the dimension is 215 mm (height) by 130 mm
wide (medial-lateral) by 106 mm deep (anterior-posterior). The
total weight of the knee prosthesis, including all the electronics
and mechanical connection parts, is 3.3 Kg.

Particularly, with the radial output configuration in Fig. 3(c),
the entire rotating components (ring gear and planetary gears)
can be supported firmly through two large bearings at both
ends of the actuator frame (Fig. 4). This simply supported
setting makes load distribution more uniform, allowing for the
reduced sectional size of the parts and thus reducing the weight.
With more uniform loading and smaller deflection, better gear
meshing is achieved, thus improving the transmission efficiency
and durability.

E. Portable Electronics Design

In addition to portable mechanical design, the electronics also
needs to be portable. A hierarchical control architecture was used
in the controller design. The high-level controller gathers sensor
data and detects human intention. The middle-level controller
produces desired torque or position command, and the low-level
controller implements these commands. A powerful Intel Atom
x5 target computer was used as the high-level controller. The
middle-level controller used an ARM Cortex-M4 microcon-
troller (Teensy 3.6) and communicated with the motor via CAN
bus protocol. The onboard prosthesis sensors include two inertial
measurement units (Alubi B2 IMU) on each thigh. A large-scale
and lightweight 6-axis loadcell sensor (Sunrise Instruments,
M3564F) measures the forces and torques applied to the knee
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TABLE IlI

PERFORMANCE COMPARISON OF KNEE PROSTHESES

Motor Device Ma?;ir.num . Actuator Peak | Torque Density [Actuator Speed| Actuator Peak

Mass (Kg) [Transmission Ratio| Torque (Nm) (Nm/Kg) (rad/s) Power! (kW)
MIT Knee [5] Maxon EC-4 pole 30 2.7 143:1 120 44.4 12.1 1.45
Vanderbilt Leg [6] | Maxon EC-4 pole 30 52 176:1 85 17.0 9.9 0.84
[Utah AVT Knee [23]] Maxon EC-4 pole 22 1.6 375:1 125 78.1 4.7 0.59
OSL [10] T-Motor U8 2.3 49.4:1 150 65.2 5.2 0.78
UMich Leg [8] Robodrive ILM 85x26 6.0? 22:1 182 30.0 7.85 1.43
This work T-Motor AK10-9 KV60 3.3 36:1 200 58.18 8.12 1.62

I'The peak power is calculated from actuator peak torque and speed; 2These devices include a powered ankle joint.

joint. The middle-level microcontroller is directly connected to
the embedded electronics system of the motor using a CAN bus
protocol.

IV. EXPERIMENTS

To demonstrate the performance of the knee prosthesis, we
conducted both benchtop and human subject experiments. The
benchtop experiments aimed to verify the accuracy of our
model and design methods and evaluate the performance of the
high torque and high compliance actuator, including backdrive
torque, thermal property, and torque tracking. The human ex-
periment shows the proposed knee prosthesis can provide high
torque for agile activities.

A. Static Backdrive Torque Test (Robot Was Unpowered)

Static backdrive torque is the minimum torque required to
drive the output while unpowered. We performed a static back-
drive test to benchmark with state-of-the-art prosthesis. The
knee actuator was fixed to the testbench, and we connected
a rigid bar to the pyramid adapter on the ring gear. A force
was applied to the end of the bar and the magnitude was
gradually increased until the actuator just started to rotate.
The reading from the loadcell was recorded and the static
backdrive torque was taken as the maximum of the recorded
moment. We repeated this experiment 6 times and the result
was 2.634+0.06 Nm. In comparison, the static backdrive torque
of the state-of-the-art high-torque prosthesis as in [8] was about
2.8 Nm, which had a smaller (22:1) transmission than our
design.

B. Dynamic Backdrive Torque Test (Robot Was
Unpowered)

We performed a dynamic backdrive torque test to evaluate
the compliance of the knee actuator under the unpowered mode.
We fixed the actuator onto the testbench and manually rotated
the output ring gear between £60° at a cadence of about 3 s
and recorded the loadcell reading for 60 s. The cycles within the
middle 40 s were averaged to obtain the mean backdrive torque
profile and standard deviation.

To demonstrate the importance of transmission design, we
compared our actuator with another similar baseline actuator in
terms of dynamic backdrive torque. Both motors have similar
rotor inertia and rated torque. The baseline actuator also has a

36:1 speed ratio but uses a planetary gearbox with planetary gear
carrier as output [2K-H-B type, Fig. 3(b)]. It was tested in the
same way as the actuator in this work for the dynamic backdrive
torque. The result (Fig. 5) shows that our actuator had 2.61 Nm
root-mean-square (RMS) dynamic backdrive torque, which is
25% less than the baseline actuator (3.57 Nm).

C. Thermal Property Test

A dynamometer test platform, as shown in Fig. 6(a), was set
up to evaluate the thermal performance of the designed knee
prosthesis. Two actuators were mounted as driving and driven
actuators, respectively. The driving actuator was commanded
in current control mode to provide a current that corresponds
to the walking, squatting, and running biological torque profile
as in Fig. 6(b) for our knee prosthesis. The driven actuator was
commanded in position control mode (regulated at 0°) as a brake.
We recorded the motor stator temperature as in Fig. 6(c) for a
continuous 60 m for each activity, and the highest temperature
stabled at 75.7 °C, much lower than 102.7 °C reported in [30]
with a step reference. We also used a thermal meter (FLIR One,
FLIR, Inc.) to monitor the actuator shield temperature. The peak
actuator shield temperature for all three profiles stabilized at
58.9 °C as in Fig. 6(d) during squatting, which is below 60 °C
threshold as specified by the ASTM C1055 standard for heated
system surface conditions that produce contact burn injuries.

D. Torque Tracking Test for Prosthesis

Since our prosthesis is required to assist activities of vastly
different torque requirements, we tested tracking performance
during walking, running, and squatting assistance. The reference
torque profile for these activities was taken from the public
dataset for an 80 Kg subject [17]-[19]. The desired and measured
torque are shown in Fig. 7 for all three activities. The actuator
was able to track the desired trajectory with a RMS error of
2.7 Nm for walking, 8.1 Nm for running, and 1.7 Nm for squat-
ting, corresponding to 5.4, 4.1, and 1.4% of the peak amplitude
as shown in Fig. 8. The average acoustic level measured at the
I-meter distance was about 52 dB.

E. Knee Prosthesis for Walking, Running, and Squatting

Three able-bodied subjects (27.6 £1.9 years, 70 £1.6 Kg,
and 173 £2.5 cm) wore the prosthesis with an L-shape brace
[Fig. 8(a)] and were tested for 1.25 m/s walking, 2 m/s running,
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and 0.25 Hz deep squatting activities. The objective was to
demonstrate that our knee prosthesis could sufficiently support
high demanding versatile activities for different human subjects.

For the walking and running experiments, the subjects walked
and ran on a treadmill at a constant speed for 2 m. The last 10
consecutive strides were used for analysis. For the squatting
experiment, the subjects performed squatting at a cadence of
5 s 10 times. The last five consecutive squat cycles were chosen
and used for analysis. Fig. 8(b)—(d) show the averaged knee
position, torque and power trajectories, and standard deviations
with respect to the gait cycle for walking, running, and squatting.
The measured average peak torque (power) for walking, running,
and squatting were 35.75 (42.77), 85.63 (193.02), and 105.16
(89.21) Nm (W), respectively.

V. DISCUSSIONS AND CONCLUSION

This article proposed an analytical backdrive torque model
that can accurately estimate the compliance of wearable robot.
This model provided the principle to guide the design meth-
ods for highly compliant wearable robots and elucidated that
highly compliant prostheses should consider both motor and
gear transmission in the design. This work also proposed meth-
ods for the transmission design to improve compliance by re-
ducing transmission inertia of the knee prosthesis. Our result
showed that the backdrive torque of our proposed knee prosthesis
(2.6 Nm RMS) is 25% less than a baseline 36:1 actuator (3.5 Nm
RMS). The proposed knee prosthesis can produce high peak
torque (200 Nm) without overheating and with high control
accuracy (2.7/8.1/1.7 Nm root mean square tracking errors for
1.25 m/s walking, 2 m/s running, and 0.25 Hz squatting, that are
5.4%/4.1%/1.4% of desired peak torques). Three able-bodied
subject experiments showed our prosthesis could support agile
and high-demanding activities such as 1.25 m/s walking, 2 m/s
running, and 0.25 Hz squatting.

Table IIT benchmarked our design with the state-of-the-art
knee prosthesis. Our design has the highest torque capability
and output power, which has the potential to be used for agile
activities to restore the mobility of lower extremity amputees.
Compared with a high speed ratio based design ([5], [6], [23] in
Table III), we eliminated the need for highly complex mechani-
cal structures that result in extra weight or control complexities
for the controller. Our design also avoids efficiency penalties due
to high transmission ratio gearbox, considerable maintenance,
remarkable acoustic noise, and large friction. Among the designs
with low speed ratio transmission [8], [10], our prostheses
have a larger torque and power output, which are necessary for
supporting agile activities.

One limitation of the proposed knee prosthesis design is that
we used a passive ankle joint, and thus toe tipping sometimes
occurred that prevented the subject from walking or running
naturally. A powered ankle would improve the coordination
between the prosthesis and the residual limb and warrant a
more biomimetic kinematic profile. Future work includes testing
with amputees to assess the effect of the prosthesis. We believe
our proposed design has the potential to restore the mobility

of amputees and push forward the physics-informed design of
personal mobility assistance devices.
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