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Abstract—A smart bionic leg orthosis (SBLO) was created by 

engineering an electromechanical retrofit to a conventional, fixed 

knee-ankle-foot orthosis (KAFO). The SBLO detects the wearer’s 

walking motion and intelligently bends the brace at the proper 

time during the walking cycle, replicating healthy knee function. 

Whole-body walking gait data was collected, analyzed, and 

statistically modeled to evaluate the SBLO and assess control 

algorithm robustness. Kinetic and kinematic analyses show the 

SBLO meets critical human leg motion parameters, indicating a 

partial restoration of limb functionality, and biomechanical 

simulations suggest the SBLO can reduce patient energy 

expenditure by more than 30%. Test results from a limb affected 

by post-polio syndrome show up to 99.84% normalization of eight 

walking gait characteristics across multiple mobility scenarios 

when using the SBLO rather than a fixed KAFO, including >75% 

reductions in gait pathologies. The SBLO is inexpensive yet offers 

more functionality than state-of-the-art solutions, by providing 

dynamic motion assistance to aid the wearer during walking. 

 
Index Terms—assistive technology, biomedical engineering, 

legged locomotion, prosthetics, rehabilitation robotics 

I. INTRODUCTION 

NEE-Ankle-Foot Orthoses (KAFOs) are orthotic devices 

that stabilize the knee joint and assist the leg. KAFOs, 

commonly known as leg braces, are required by nearly 7 million 

individuals in the United States alone who lack leg muscle 

function due to illnesses or injuries including poliomyelitis, 

multiple sclerosis, stroke, muscular dystrophy and spinal cord 

injuries [1],[2]. However, up to 80% of knee-ankle-foot orthosis 

wearers express dissatisfaction with their orthotics [3]. Normal 

walking has two phases: stance phase, when a leg bears the 

body weight, and swing phase, when the knee bends and the leg 

swings forward. Conventional KAFOs have a locking knee 

joint, which allows for weight to be placed on the nonfunctional 

leg during stance phase, and can be unlocked for sitting [4]. 

However, this causes walking gait pathologies such as ‘hip 

hike,’ in which the hip on the affected side must be employed 

excessively to lift the leg off the ground, and circumduction, in 

which the affected leg must be swung in an arc to take a step 

forward [5]. This abnormal walking gait leads to increased 
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energy expenditure, fatigue, and pain [6]. More advanced 

“Stance-Control” KAFOs attempt to enable a more natural knee 

flexion by automatically locking and unlocking the knee joint 

during walking [3]. Some implementations utilize mechanical 

pendulums or force sensors at the bottom of the orthosis to 

determine the proper portion of the walking cycle in which to 

unlock the knee joint [7]. However, such devices can only 

benefit the patients who have sufficient hip/foot strength to 

activate these mechanisms. Presently, the most advanced 

KAFOs utilize variable-flow hydraulic damping to change the 

friction of the knee joint in various phases of the walking cycle. 

Friction is decreased during the swing phase to allow for 

bending of the knee, and increased during the stance phase so 

the orthosis can support the weight of the wearer and resist 

bending [8]. However, such orthoses are expensive, require 

additional training and rehabilitation to use correctly, and can 

be contraindicated in patients without enough residual muscle 

function to facilitate a swing during walking [9],[10].  

There is no commercially available orthotic device that 

actively assists the wearer to bend the knee during walking, 

compared to the passive support offered by conventional 

KAFOs [1],[11]. Hovorka, Geil, and Lusardi note that an ideal 

orthosis should optimize three key factors – control, comfort, 

and cost – while considering the wide range of neuromuscular 

or musculoskeletal impairments that necessitate the use of a 

knee-ankle-foot orthosis [12]. Projected benefits of using 

rehabilitative robotics to assist users in bending their leg include 

restoring natural walking gait and reducing excess energy 

expenditure during walking, which can reduce the pain and 

discomfort felt by wearers of knee-ankle-foot orthoses [13]. 

The goal of this work was to create a smart bionic leg orthosis 

(SBLO) retrofit that can confer biological joint and limb motion 

characteristics to a fixed KAFO, thereby enhancing wearer 

mobility. In this paper, Section II provides an overview of first- 

and second-generation SBLO devices. Section III and IV 

describe mechanical, electrical, and software aspects of device 

development. In Section V, device evaluation is described and 

results are displayed and discussed. Sections VI and VII contain 

applications of the SBLO, conclusions, and future work. 
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II. DEVICE OUTLINE 

The following objectives were set for the first-generation 

(Gen-1) SBLO: a) to design an external retrofit module with a 

microcontroller and linear actuator to effectively rotate the knee 

joint, b) to develop methodologies for sensor positioning and 

feedback control to accurately determine the phase of the 

walking gait cycle, and c) to retrofit this system to a 

conventional KAFO. Then, a second-generation (Gen-2) 

retrofit was designed and developed to improve upon the 

capabilities of the Gen-1 SBLO. The objectives were: a) to 

create an affordable, smart bionic retrofit to a conventional 

KAFO, including i) designing a faster, more powerful linear 

actuator that more effectively rotates the knee joint and ii) 

optimizing the placement of the actuator along two axes for 

greatest speed and range of motion, b) to develop new 

algorithms for the SBLO to intelligently adapt to changes in 

terrain or walking speed, and c) to design a user-friendly control 

interface in the form of an Android application for a 

smartwatch/smartphone that communicates with the SBLO via 

Bluetooth and offers hands-free voice command recognition.  

Both generations of the SBLO were designed as retrofits onto 

a base KAFO, made of thermoplastic and metal supports, rather 

than requiring the (potentially costly) fabrication of a new 

KAFO structure [14]. This protocol allows a patient’s normal 

KAFO to be inexpensively converted from a fixed-knee 

mechanism to the smart bionic motion mechanism. To provide 

flexion and extension of the leg, both an actuation method and 

a control method were required. Gen-1 SBLO components 

included a microcontroller (Arduino Uno), motor controller 

(Roboclaw IMC418), and linear actuator (Concentric LACT4-

12V). Gen-2 SBLO components included a wireless 

microcontroller (Atmel 32u4 with Nordic Bluetooth module, 

Adafruit), motor controller (CTRE Talon SRX), and improved 

linear actuator (iR3 DART, custom fabricated). For both 

generations, a lithium ion battery (14.8V / 3200mAh, 4 series 

cells) was used to power the SBLO, walking motion was 

detected using a 9-degree-of-freedom inertial measurement unit 

(Bosch BNO055, Adafruit), and a 3D printer (MakerBot 

Replicator 2) was used to fabricate mounting brackets using 

polylactic acid (PLA) filament. Fig. 1 shows the original 

thermoplastic KAFO and assembled Gen-1 and Gen-2 SBLO.  

III. DEVICE DEVELOPMENT – MECHANICAL 

The first stage of device development involved identifying 

an actuation mechanism and engineering a method to attach the 

actuator to the thermoplastic KAFO. Research indicated that a 

rotational motor mounted directly on the knee joint would have 

limited success due to the high torque required to bear weight 

and resist rotation during the stance phase of walking [15]. 

Magnetorheological dampers such as those in the Össur Rheo 

Knee prosthesis or the hydraulic damping system in the 

OttoBock C-Brace orthosis are expensive and only provide a 

variable friction damping force; they do not compensate for 

lack of muscle function [16]. Hydraulic or pneumatic pistons 

are bulky and require pumps or compressors to operate, with a 

risk of collapsing if power is lost. Consequently, linear actuator 

technology was chosen: worm-gear and trapezoidal-lead-screw 

drive systems have an unpowered linear holding force that can 

support standing loads, and electric power for motion can be 

simply provided from a compact battery. This allows a stable 

holding force to be provided during stance phase, and powered 

flexion and extension of the knee joint could be achieved during 

swing phase of the walking cycle. 

A. Actuator Design 

For the Gen-1 SBLO, a commercial off-the-shelf (COTS) 

actuator (12V input rating, 10cm (4in) stroke) was used. For the 

Gen-2 device, a custom actuator was designed and utilized to 

provide the maximum bending angle and an optimal 

combination of force and speed. The actuator uses an industrial 

DC motor (CCL PM25R), which is commonly used in robotic 

applications, provides high torque output, and is made with a 

ceramic construction which acts as thermal ballast and prevents 

the motor from heating up excessively – an important safety 

consideration for a device positioned near the body. An Acme 

steel lead screw (1.3cm (½in) pitch, trapezoidal thread) was 

chosen to drive the piston of the actuator. The steel lead screw 

has a low friction coefficient on contact with the brass nut, 

which allows for efficient motion, yet the trapezoidal thread 

prevents the piston from moving when the motor is stopped. 

With this modified construction and components, the Gen-2 

linear actuator had 4× greater force (900N vs. 220N) and 4× 

greater speed (12.7cm/s (5in/s) vs 3.18cm/s (1.25in/s)) 

compared to the Gen-1 actuator. 

B. Gen-2 Bracket Optimization 

In both the Gen-1 and Gen-2 devices, 3D-printed brackets 

serve to attach the retrofit mechanism to the conventional 

KAFO. Brackets were designed in CAD software (Autodesk 

Inventor) and then 3D-printed using a MakerBot Replicator 2. 

For the Gen-1 device, basic support brackets were created and 

attached to the thermoplastic KAFO using adhesives. In Gen-2, 

there were three additional objectives for the bracket design: 1) 

to design a stronger bracket that can withstand the additional 

force output of the Gen-2 actuator, 2) to form a sturdier 

connection to the thermoplastic KAFO, and 3) to optimize 

bracket positioning for maximum force and speed of the SBLO. 

To accomplish these objectives, the brackets were first contour-

fitted and designed with stress relief structures and bolt holes to 

 
Fig. 1.  Comparison of assembled braces: 

a) Conventional (Fixed) Knee-Ankle-Foot Orthosis,  

b) Gen-1 retrofit time-lapse: standing → ground push-off → fully retracted,  

c) Brace with Gen-2 SBLO retrofit, worn on leg with post-polio syndrome 
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attach it to the brace. Then, objective functions were created to 

find the optimal upper bracket and lower bracket lengths, and 

position of the actuator parallel to the orthosis that would 

maximize the speed, foot force, and range of motion. 

B1) Bracket Optimization for SBLO Angle & Speed 

The first part of bracket designing involved comparing how 

modifying bracket lengths and actuator position would impact 

a) how far and b) how fast the SBLO leg would bend. Fig. 2 

shows the geometric layout of the bracket assembly and (1) is 

used to calculate the angle of the brace, 𝜃𝑏𝑟𝑎𝑐𝑒(𝑡), at any given 

time during motion, given the parameters of bracket lengths, 

actuator positioning (parallel to brace), and the length of the 

Gen-2 actuator (depending on how far it has been retracted). 

𝜃𝑏𝑟𝑎𝑐𝑒(𝑡) = 𝐵𝑚𝑎𝑥 = 180° when the actuator is fully extended; 

i.e., when 𝑏(𝑡)  =  𝑏𝑚𝑎𝑥  =  35.6𝑐𝑚 (14𝑖𝑛) at 𝑡 =  0𝑠.  Two 

metrics can be derived from (1): First, the smallest angle to 

which the actuator can be bent,  𝐵𝑚𝑖𝑛, can be calculated based 

on the length of the actuator when fully retracted; i.e., when 

𝑏(𝑡) =  𝑏𝑚𝑖𝑛  =  25.4𝑐𝑚 (10𝑖𝑛). This allows us to optimize 

bracket parameters for maximum range of motion in knee 

flexion. Second, the rate of bending can be found by 

differentiating the expression for 𝜃𝑏𝑟𝑎𝑐𝑒(𝑡), when b is a 

function of time (𝑏(𝑡)  =  𝑏𝑚𝑎𝑥  – (𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 𝑠𝑝𝑒𝑒𝑑 ×
 𝑡𝑖𝑚𝑒)). This allows us to optimize bracket parameters for 

maximum knee-bending speed.  

B2) Bracket Optimization for SBLO Torque & Force 

Since torque (τ) = force × lever arm, and the force from the 

actuator is acting on the lower bracket, a virtual lever arm 𝐻𝐷 

was constructed for calculation purposes (Fig. 3). Thus, the 

torque acting on the lower leg is given by the component of the 

force 𝐹𝐴 that is perpendicular to 𝐻𝐷, multiplied by the distance 

from the brace knee joint to the point of application of the force, 

or τ = 𝐹𝐴 sin 𝐴 × 𝐻𝐷 . As a result of this torque, the foot applies 

a reaction force 𝐹𝐹 to the ground, perpendicular to virtual line 

segment 𝐻𝑆, calculated using the relationship 𝐹𝐹 = 𝜏/𝐻𝑆.  

B3) Final Gen-2 Bracket Design Parameters 

Further mathematical constraints for the functions arise from 

physical constraints: the distance between the upper and lower 

bracket must be equal to the maximum length of the actuator 

(𝐷𝑈 + 𝐷𝐷 = 𝑏𝑚𝑎𝑥). The lower bounds of DU and DD (i.e., how 

high the lower bracket can be or low the upper bracket can be) 

are constrained by the shape of the thermoplastic KAFO, since 

the plastic segments end some distance away from the knee 

joint. The length of the upper bracket (LU) is limited by the 

ergonomics of the brace; if the bracket was too long, it would 

extend into the seat when in a sitting position. In addition, it is 

preferred to mount the actuator higher on the limb, as this keeps 

the swinging mass closer to the axis of rotation, helping 

decrease inertia of the limb.  

Based on (1), (2), and these physical constraints, MATLAB 

was used to plot characteristic curves of the bracket-positioning 

solution space. Fig. 4 (i) demonstrates that the motion of the 

SBLO is faster when the upper bracket distance (from the knee 

joint) is either very small or very large. Fig. 4 (ii) demonstrates 

that the SBLO can bend back further when the brackets have 

shorter lengths (perpendicular to the brace). Fig. 4 (iii) 

demonstrates that greater foot forces are achievable when the 

lower bracket is closer to the knee joint and the bracket itself is 

longer. Both Fig. 4 (i) and (ii) were derived from the equations 

in Section III-B1. Fig. 4 (iii) was derived from the foot force 

calculations in Section III-B2.  

These factors were set as constraints to solve the objective 

functions simultaneously with the Excel SOLVER toolkit. 

 
Fig. 2.  Schematic of actuator and bracket positioning on brace.  

LU
 and LD are the lengths of the upper and lower brackets, measured 

perpendicular to the orthosis. Distances DD and DU are the distances of each 

bracket from the joint. 𝜃𝑏𝑟𝑎𝑐𝑒 is the KAFO knee angle. 

The triangle (right) represents the geometry of the virtual segments used in 

the angular displacement calculations, where c corresponds to hypotenuse HD, 

a corresponds to hypotenuse HU, and b corresponds to actuator length. 

Brace angle 𝐵(𝑡) changes as the actuator (length 𝑏(𝑡)) retracts/extends. 

𝐵𝑚𝑎𝑥 and 𝑏𝑚𝑎𝑥 are the maximum angle and actuator lengths, respectively. 

 

Law of Cosines calculation: 

2𝑎𝑐 cos(𝐵) = 𝑎2 + 𝑐2 − 𝑏2,  or  𝐵 = cos−1 (
𝑎2+𝑐2−𝑏2

2𝑎𝑐
) 

∵ 𝑎 = 𝐻𝑈 = √𝐷𝑈
2 + 𝐿𝑈
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2  
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2
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where 𝑏(𝑡) = 𝑏𝑚𝑎𝑥 − (𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 𝑠𝑝𝑒𝑒𝑑 × 𝑡𝑖𝑚𝑒) 

𝜃𝑏𝑟𝑎𝑐𝑒(𝑡) = 180° − (𝐵(0) − 𝐵(𝑡)) 

𝜃𝑏𝑟𝑎𝑐𝑒(𝑡) = 180° − [cos−1 (
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Fig. 3.  Schematic of lower leg showing knee joint torque and foot force. 

LS and LF are the lengths of the shank and foot segments, and HS is the 

hypotenuse. FA is the force exerted by the actuator on the bracket, and FF is the 

force exerted by the foot upon the ground. 𝜃𝐴 is the angle between the actuator 

and the bracket, which increases as the actuator retracts (length b in Fig. 2).  
 

Knee joint torque calculation: 

2𝑏𝑐 cos(𝐴) = 𝑏2 + 𝑐2 − 𝑎2,  or  𝐴 = cos−1 (
𝑏2+𝑐2−𝑎2

2𝑏𝑐
) 

∴ 𝐴 = cos−1 (
𝑏2+𝐷𝐷

2 +𝐿𝐷
2 −𝐷𝑈

2 −𝐿𝑈
2

2𝑏√𝐷𝐷
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2
)    

𝜏 = 𝐹 × 𝐻𝐷 ∗ sin [𝑐𝑜𝑠−1 (
𝑏2 + 𝐷𝐷

2 + 𝐿𝐷
2 − 𝐷𝑈

2 − 𝐿𝑈
2

2𝑏√𝐷𝐷
2 + 𝐿𝐷

2
)] (2) 
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Using the trend insight provided by these graphs along with the 

calculated solutions, optimal values for the Gen-2 actuator were 

found to be: upper bracket distance 𝐷𝑈 = 30cm (12in), lower 

bracket distance 𝐷𝐿  = 5cm (2in), upper bracket length 𝐿𝑈 = 

2.5cm (1in), and lower bracket length 𝐿𝐷 = 5cm (2in). Notably, 

this mathematically optimized actuator positioning corresponds 

closely with biological musculature, such as the location of the 

biceps femoris (hamstring), which aids in knee flexion [17]. 

IV. DEVICE DEVELOPMENT – ELECTRONICS AND SOFTWARE 

The second part of device hardware development was the 

control electronics, which facilitate the autonomous function of 

the SBLO. In addition to utilizing a 30% more powerful motor 

controller than the Gen-1 device, the Gen-2 SBLO eliminated 

the need for an external processor / motor controller enclosure 

by mounting both components directly to the aluminum 

actuator body, which serves as a heatsink. Three layers of fail-

safes (software limits, limit switches, and hard end stops) were 

also introduced as actuator safety features.  

A. Gait Detection Electronics 

In order to form a motion control algorithm, it was necessary 

to have some form of sensor feedback [18]. Foot force sensors 

can be unreliable on patients without foot function [12], and 

accelerometer data requires significant smoothing and can be 

easily destabilized [19]. Instead, orientation angle output (pre-

processed by the Bosch BNO055 chipset) was selected for 

gyroscopic knee angle detection based on walking gait motion. 

Also, previous computerized prosthetics/orthotics have utilized 

sensors directly on the device, which detects the motion of the 

affected limb. Instead, our SBLO detects motion from the 

opposing limb, which enables more robust control based on 

explicit actions taken with the other side of the body. In the 

Gen-2 retrofit, a potentiometer-based leg-angle monitoring 

feedback loop was also incorporated to facilitate fine-tuned 

motion profiles for different mobility cases, such as sitting 

down or climbing stairs.  

B. Motion Control Software 

The software aspect of this work had two main components: 

a) an embedded algorithm for orthosis functionality, and b) a 

user control interface (in Gen-2).  

Programming the Gen-1 SBLO retrofit involved determining 

the appropriate time in the walking cycle to bend the brace knee 

joint and carrying out a simple, identical motion for each 

footstep. In the Gen-1 algorithm, the microcontroller detects the 

beginning and end of a step by the opposing leg, and instructs 

the motor controller to retract and extend the actuator, thereby 

initiating a footstep with the SBLO. In the Gen-2 SBLO retrofit, 

the walking algorithm was further improved by incorporating 

additional capabilities, including a) adaptive gait detection, b) 

automatic speed adjustment, and c) the ability to walk over 

uneven terrain. Additional algorithms were also created to offer 

functionality in multiple mobility scenarios beyond level-

ground walking: going up/down ramps, going up/down stairs, 

entering/exiting a vehicle, and sitting/standing [20]. In total, 8 

new mobility modes were created and implemented in 22 code 

segments to offer more versatility and intuitive user flexibility 

in pursuit of a bionic retrofit that can offer rehabilitative 

assistance throughout daily usage. 

 Rather than detecting each footstep at a set angle threshold 

as in the Gen-1 algorithms, the Gen-2 walking algorithm 

detection thresholds change in real-time based on the 

magnitude of the step detected. The algorithm measures the 

elapsed time between the beginning and end of a footstep with 

the reference (opposing) leg, monitoring the speed of walking 

and changing the speed of the SBLO accordingly. To allow for 

walking on ramps and uneven terrain, the algorithm detects the 

maximum knee lift angle reached as a step is begun and uses 

that value to account for the angle of the ground when retracting 

the actuator on the SBLO (more flexion if walking up a slope, 

less flexion if walking down a slope) [21]. Walking on stairs 

was implemented by programming the SBLO to clear the edge 

of a step, whether stepping up or down. For climbing stairs, the 

algorithm is designed to retract the SBLO while stepping up 

with the brace leg, to assist users in clearing the step. When 

stepping down, the actuator retracts slightly. This pushes the 

SBLO forward, which reduces the effort required to lift the leg 

before lowering it onto the next step. 

Failsafe measures were also incorporated into the Gen-2 

SBLO algorithm. For example, turning or taking a step 

backwards will not trigger a step, preventing undesired 

operation at incorrect times and increasing the safety of 

walking. In the event that a fall is detected, the brace reverts to 

a default extended state, allowing the wearer to use the brace as 

a support when returning to an upright position.  

Finally, an intuitive, multi-platform user control interface 

was created with smartphone and smartwatch compatibility, 

Bluetooth capability for wireless orthosis control, and hands-

free voice command recognition for ease of use. An Android 

 
Fig. 4.  Solution curves delineating SBLO motion characteristics based on variations in bracket dimensions and positioning.  
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app was programmed in Java using Android Studio to use 

encrypted Bluetooth-based communication to send commands 

to the microcontroller module on the SBLO. A graphical 

interface allows the user to choose modes and modify settings, 

and voice recognition can be used hands-free to assert motion 

commands, offering both ease of use as well as increased safety.  

C. Algorithm Calibration for Toe Clearance while Stepping 

The distance from any hip joint to the tip of the foot is larger 

than the distance from the hip joint to the heel, just as how the 

hypotenuse of a right triangle is longer than the height. This is 

why wearing a locked knee joint causes ‘hip hike’: patients 

must lift the entire leg with their hip to avoid the toe dragging 

on the ground. Bending the knee solves this problem by 

shortening the distance from the hip joint to the toes. Once a 

certain angle of knee bending is reached, the toe will no longer 

touch the ground as the leg swings forward. The calculation in 

Fig. 5 uses the law of cosines to find the foot clearance angle 

(𝜃𝑘𝑛𝑒𝑒) up to which the SBLO needs to be bent in order to clear 

the ground. The result from (3) allows for the SBLO motion 

control algorithm to be properly calibrated. Since 𝜃𝑏𝑟𝑎𝑐𝑒𝑚𝑎𝑥
−

𝜃𝑘𝑛𝑒𝑒 = 180° − 109.4° = 70.6°, the SBLO must retract by at 

least 70.6° for full ground clearance during each step.  

D. Sensor Positioning for Whole-Body Gait Data Collection 

To evaluate the performance of the SBLO, walking gait data 

was collected from one of the authors, who is a daily wearer of 

a fixed KAFO due to post-polio syndrome. A whole-body gait 

data collection harness was constructed using 8 inertial 

measurement units positioned across the body as shown in Fig. 

6. Data collection algorithms were implemented in MATLAB; 

a centralized computer establishes communications with eight 

microcontrollers, which stream serial motion data from their 

respective sensors. Data acquisition and recording continues for 

the duration of walking, until a testing cycle is completed. A 

total of 14 motion parameters were recorded from each sensor: 

absolute orientation angle (relative to gravity) in X, Y, and Z 

axes; acceleration in X, Y, and Z axes, angular velocity around 

X, Y, and Z axes, quaternion-formatted (W, X, Y, Z) angular 

displacement, and time elapsed. Walking gait was recorded 

wearing the fixed brace (KAFO) and the Gen-2 retrofitted 

SBLO in three different mobility scenarios: level-ground 

walking, walking on a ramp, and walking on stairs. Four trials 

were conducted for each brace in each scenario, resulting in the 

collection of 24 total gait datasets.  

V. RESULTS AND DISCUSSIONS 

The study of human gait can be classified into kinematics and 

kinetics [22]. Kinematics is the study of the motion of bodies as 

linear or angular displacement and velocity over time. Kinetics 

is the study of the forces associated with the motion. To 

compare the Gen-1 and Gen-2 SBLO retrofits with literature 

data from healthy legs, a series of kinetic and kinematic 

parameters were calculated and analyzed (Table I). Kinematic 

parameters during average walking such as angular velocity 

(bending speed) and foot force, and functional limits of the 

mechanisms, such as maximum speed, force, torque, and foot 

force, were first calculated mathematically based on hardware 

specifications and actuator positioning parameters, then 

verified with the prototype [19]. 

 
Fig. 6.  Motion sensor positioning for whole-body gait data collection. 

TABLE I 
KINETIC & KINEMATIC GAIT PARAMETER COMPARISON: 

Gait Parameter 
Smart Bionic Leg Orthosis 

Healthy Leg 
Gen-1 Gen-2 

Actuator speed (m/s) 0.04 0.14 N/A 

Actuator force (N) 220 900 N/A 

Max range of motion (°) 59.06 90.23 130.00 [23] 

Initial foot force (N) 18.82 76.29 187.50 [24] 

Initial torque (Nm) 10.52 42.64 46.13 [24] 

Moment (Nm / kg) 0.14 0.57 0.62 [24] 

Max bending speed (°/s) 29.65 112.38 102.94 [25] 

Time to clear ground (s) 0.80 0.63 0.68 [25] 

Flexion for footstep (°) 23.70 70.80 70.00 [26] 

Weight (kg) 1.13 + leg* 2.72 + leg* 9.60 [22] 

Measured/calculated operational parameters for Gen-1 and Gen-2 SBLO 
compared to healthy leg parameters from reference literature.  

*Weight of disabled leg. 

 
Fig. 5.  Schematic of ground clearance while stepping.  
 LT, LS, and LF represent the length of the thigh, shank, and foot segments of 

the brace. 𝜃𝑆 is the shank angle formed between the shank and virtual segment 

HS. HB corresponds to the effective brace height that must be reached in order 

to successfully ‘clear’ the ground for an unimpeded leg swing. To calculate the 

necessary knee angle 𝜃𝑘𝑛𝑒𝑒, a critical foot clearance angle 𝜃𝐹𝐶 must be found 

that fulfills the constraint HB = LT + LS. 
 

Ground clearance calculation: 

𝐻𝐵
2 = 𝐻𝑆

2 + 𝐿𝑇
2 − 2 × 𝐻𝑆 × 𝐿𝑇 × cos 𝜃𝐹𝐶 

𝜃𝐹𝐶 = cos−1 (
𝐻𝑆

2 + 𝐿𝑇
2 − 𝐻𝐵

2

2 × 𝐻𝑆 × 𝐿𝑇

) = cos−1 (
22 + 152 − 34.52

2 × 22 × 15
) = 136° 

𝐿𝐹 = 25𝑐𝑚 (10𝑖𝑛)  and  𝐿𝑆 = 51𝑐𝑚 (20𝑖𝑛), so  𝜃𝑆 = tan−1 (
10

20
) = 26.6° 

∴ 𝜃𝑘𝑛𝑒𝑒 = 𝜃𝐹𝐶 − 𝜃𝑆 = 136° − 26.6° = 109.4° (3) 
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Fig. 7 compares the knee joint flexion and extension for Gen-

1, Gen-2, and healthy human knee motion during walking. The 

Gen-1 device had a low speed and range of motion (Table I), 

which was improved in the Gen-2 device (maximum rotational 

velocity increased nearly 4×, from 29.65°/s to 112.38°/s, and 

range of motion increased ~1.5×, from 59.06° to 90.23°). The 

Gen-2 SBLO knee joint motion (Fig. 7 (a)) closely matches that 

of a healthy leg [27]. This is a significant improvement from 

both the Gen-1 SBLO, and from a fixed KAFO, which has no 

motion at all. The first peak in the knee flexion graphs of the 

Gen-2 SBLO (Fig. 7 (a)) and healthy leg (Fig. 7 (b)) indicate a 

slight bending of the knee to allow for shock absorption at heel-

strike of the stance phase; the second peak is from the main 

flexion of the knee during swing phase [28]. This additional 

motion component was added to the Gen-2 walking algorithm 

to facilitate shock absorption, which was not present in Gen-1. 

As a result of the increased actuator force/speed and 

optimized bracket positioning, the Gen-2 SBLO is able to 

overcome two key limitations of the Gen-1 SBLO: speed and 

knee range of motion. In the Gen-1 SBLO, not only was the 

retraction too slow for normal-speed walking, the maximum 

retraction was not enough to clear the ground (23.70° in 0.80s, 

max bending 59.06°). With the Gen-2 device, ground clearance 

is possible in the time required for a normal step [24], and the 

range of motion is larger (70.80° footstep in 0.63s, max 90.23°). 

To quantify the physical aid offered by the retrofitted SBLO, 

(2) and the force-torque relationship from Section III-B1 were 

used to calculate the foot force transmitted to the ground. The 

force provided by a healthy adult’s foot when taking a step is 

approximately 25% of body weight [16]. The linear actuator 

applies ~890N of force to the lower bracket, which results in 

the Gen-2 SBLO sending 76.29N of force to the ground when 

the orthosis retracts to take a step (2). Thus, the Gen-2 SBLO 

can provide 41.67% of the force of a healthy foot (75kg person). 

This is a considerable contribution because in a patient wearing 

a KAFO, this force would usually be provided by the hip, back, 

and shoulders [11]. By providing this foot force, the bionic 

orthosis alleviates the effort required from the rest of the body. 

A. Predicted Energy Consumption  

Doke, Donelan, and Kuo estimate that swinging the legs 

alone requires 1/3 of the energy cost of walking [29]. For a 

patient who uses a KAFO, however, excess energy expenditure 

is required not only to swing the leg but also to move one side 

of the body forward using compensatory strategies such as ‘hip 

hike’ and circumduction [12]. Biomechanical simulations were 

conducted in OpenSim [30] to predict the impact on the energy 

cost of walking with the SBLO rather than a fixed KAFO (Fig. 

8). The base musculoskeletal model (normalized 75kg male) 

had 10 degrees of freedom and 18 muscles [31]. One modified 

version of this model incorporated the physical characteristics 

(such as segment weight, ‘muscle’ positioning, and force) of the 

Gen-2 bionic brace mechanism. A second modified model 

version was created to reflect the restrictive properties of a fixed 

KAFO. Walking was simulated with these models and the 

energy consumption by the muscles in the lower body was 

calculated by OpenSim based on the methodology detailed by 

Umberger et al. [32]. Simulation results (Fig. 8) indicate that 

there may be up to a 31.33% decrease in the energy expenditure 

during walking when using the Gen-2 SBLO rather than a 

conventional, fixed KAFO. 

B. Knee Joint Torque Assessment 

To understand the extent to which knee joint torque was 

normalized with the SBLO retrofit, a Process Capability 

Analysis was conducted using Minitab 18. The first set of the 

distribution curves for torque in Fig. 9 (i) and (ii) indicate a 

wider distribution with low confidence. In Fig. 9 (iii), however, 

there is a “tighter” distribution with the bars closer together, 

indicating a large degree of similarity between the two datasets. 

The performance analysis statistics show that there is a very 

 
Fig. 8.  Simulation of body energy consumption during walking with a conventional (fixed) KAFO, compared to the Gen-2 SBLO.  

 
Fig. 7.  Knee flexion over time with different KAFOs vs. healthy knee [28]. 
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large difference between the conventional fixed KAFO and a 

healthy leg, and there is a high nonconforming part count 

(>440,000 PPM) (Fig. 9 (i)). This is reduced to 0 PPM 

nonconforming between the Gen-2 and healthy leg, indicating 

that the Gen-2 SBLO has very high performance within the 

specification limits of healthy walking. From the data in Fig. 9 

(i), predicted walking with the fixed KAFO and healthy leg is 

reflected as a statistically poor-performing process. There is a 

high standard deviation and standard error of the mean (SEM) 

(SD overall = 32.62, SEM = 23.10), low process performance 

(Pp = 0.33, Ppk = 0.24), low process capability (Cp = 0.26, Cpk 

= 0.19), and a large confidence interval (CI) (95% CI Range =  

-270.0Nm to 316.1Nm). Ideally, the SD and SEM should be as 

low as possible, indicating consistency and low variation, the 

process performance and capability should be as high as 

possible, indicating a statistically well-performing process, and 

the 95% CI (the range within which 95% of the values in a 

particular distribution fall) should be as small as possible, 

indicating that the two datasets being compared are very 

similar. If achieved, these parameters would suggest that the 

two legs being compared (one of which is healthy and one of 

which has a KAFO or SBLO) exhibit an even and smooth 

walking gait. When the Gen-2 SBLO and the healthy leg are 

analyzed together (Fig. 9 (iii)), there is a smaller standard 

deviation and standard error of the mean (SD = 2.47, SEM = 

1.74), better process performance (Pp = 4.32, Ppk = 2.65), 

better process capability (Cp = 3.45, Cpk = 2.11), and smaller 

confidence interval (95% CI range = 22.21Nm to 66.56Nm). 

There is a significant improvement in all parameters, including 

a 1000% smaller CI, indicating that the knee joint torque 

similarity between the Gen-2 SBLO and healthy leg is far 

greater than the similarity between the fixed KAFO and healthy 

leg. This demonstrates that in predictive statistical analysis 

based on the torque produced at the knee joint, walking with the 

Gen-2 SBLO and healthy leg creates a much smoother walking 

gait compared to walking with a fixed KAFO and healthy leg. 

C. Device Evaluation 

To evaluate the functionality of the SBLO, the retrofit was 

tested on a limb requiring the use of a KAFO to determine 

whether a) the resultant walking gait would more closely 

resemble that of the normal leg, and b) the overall walking gait 

would exhibit reduced pathologies compared to walking gait 

while using the fixed KAFO. 

C1) Walking Gait: Leg Motion in Segments & Joints 

The whole-body walking gait from Fig. 6 and Section IV-D 

was synthesized, following methodology from [25], into four 

motion parameters representing leg segments and joints: shank 

motion, thigh motion, knee joint angle, and hip joint angle.  

Fig. 10 shows comparisons of walking gait between the 

Fixed KAFO and the SBLO. In each graph, the left leg (whether 

Fixed KAFO or SBLO) is shown in blue, while the right leg 

(healthy leg) is shown in red. It was observed that in each case, 

the motion with the SBLO is much smoother and more closely 

resembles the motion of the healthy right leg. Importantly, there 

was a significant improvement in knee joint motion from the 

fixed KAFO to the SBLO (Fig. 10 (v-vi)). In addition, the 

SBLO enabled a faster self-selected walking cadence than with 

the Fixed KAFO (four vs. three steps in a ~7.3s time interval).  

C2) Statistical Analysis of Gait Normalization 

To compare walking gait between datasets, the range of 

motion was analyzed. The range of motion is defined as the 

angle difference between the extent of a step forward by that 

leg and the farthest back one leg goes during a step by the 

opposing leg. Ideally, the range of motion between the left and 

right leg should be as close together as possible; this would 

 
Fig. 9.  Process Capability Analysis and Process Performance Analysis for knee joint torque across different test conditions.  

 Sample Mean = average of the two datasets, N = number of datasets, SD = standard deviation, USL = Upper Specification Limit, LSL = Lower Specification 
Limit. “Overall” represents predicted process capability as a normal distribution; “Within” represents observed variance in existing process data.  

In the analysis of Overall Capability (Pp/Ppk), Pp indicates capability based on overall variation (lower variation = higher capability), and Ppk is a performance 

index normalized for long-term variation. In the analysis of Potential Capability (Cp/Cpk), Cp indicates capability based on variation within datasets, and Cpk is 
a performance index normalized to the specification limits. In other words, Cpk is a measure of how many times the distribution of a process can widen before it 

exceeds the specification limits. For a statistically well-performing process, Cp should be greater than 2.0 and Cpk should be greater than 1.5 [33]. 

In the performance analysis, PPM>USL and PPM<LSL refer to the number of projected nonconforming parts per million that fall above and below the 
Upper/Lower Specification Limits. The Upper Specification Limit (USL) is 64Nm, the maximum torque possible from the Gen-2 SBLO (Table I). The Lower 

Specification Limit (LSL) is 0Nm, the torque produced by the fixed KAFO. A lower value for the nonconforming part count indicates better process performance. 
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indicate that the two sides have similar walking gait.  

Table II shows a statistical analysis of joint and segment 

motion data. For each test case, the range of motion is compared 

between the left leg (KAFO) and right leg (healthy) to assess 

whether there is a statistically significant difference in motion, 

which would indicate an uneven walking gait. In a normal 

(healthy) walking gait, there should not be a statistically 

significant difference between the range of motion of the left 

and right legs. For both leg segments, shank & thigh (FB-

LShank vs RShank, FB-LThigh vs RThigh) and both leg joints, 

knee & hip (FB-LKnee vs RKnee, FB-LHip vs RHip), there is 

a statistically significant difference (p < 0.05) between the 

range of motion of the fixed brace on the left leg and the healthy 

right leg. This indicates that walking gait with the fixed KAFO 

is uneven, as significant disparities exist between the motion of 

the left (KAFO) and right (healthy) legs. However, for both leg 

segments (SBLO-LShank vs RShank, SBLO-LThigh vs 

RThigh) and both leg joints (SBLO-LKnee vs RKnee, SBLO-

 
Fig. 10.  Walking gait plots showing leg motion in segments and joints when wearing a fixed KAFO (i, iii, v, vii) or SBLO (ii, iv, vi, viii).  

 The footsteps in the graphs represent an arbitrary sample window (~7.3s) from the larger gait datasets collected.  
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LHip vs RHip), there is not a statistically significant difference 

(p > 0.05) between the range of motion of the SBLO on the left 

leg and the healthy right leg. This indicates that the SBLO is 

able to normalize walking gait of the disabled leg, and there is 

no longer a statistically significant difference between the 

motion of the healthy leg and the brace leg. 

C3) Process Capability Analysis: Gait Improvement 

To understand the extent to which walking gait was 

normalized, a process capability analysis was conducted in 

Minitab 18. The first part of the process capability analysis, 

composed of the graphs in Fig. 11, illustrates the discrepancies 

between the ranges of motion of the datasets in each 

comparison. The x-axis shows angle (range of motion, °), and 

each vertical bar represents one dataset. The first set of graphs 

(Fig. 11 (i-iv)) compares the motion of the fixed KAFO and the 

healthy right leg. The large horizontal distance between the two 

bars reflects the large motion discrepancy, and the distribution 

curves are wider, indicating greater variability in the walking 

gait when walking with the fixed KAFO. In the second set of 

graphs (Fig. 11 (v-viii)), there is a “tighter” distribution with the 

bars closer together. This indicates that there is lower variability 

in the walking gait when walking with the SBLO, and that the 

motion of the SBLO and the healthy right leg are very similar.  

C4) SBLO Performance: Nonconforming Part Analysis 

The second part of the process capability analysis is the 

nonconforming part analysis, listed in Table III, which 

measures the number of nonconforming parts per million in the 

process. A lower value for the nonconforming part count (in 

parts per million, or PPM) indicates better process performance. 

For all the motion analyses with the fixed KAFO, there are very 

high nonconforming part counts. For example, the highest value 

is 500,000 PPM (FB-LKnee vs RKnee), which indicates that 

the knee motion within that pairing falls outside of the bounds 

(PPM<LSL) of normal (“healthy”) walking data half of the time 

– corroborated by the fact that the fixed KAFO knee joint, 

which comprises half the dataset, does not have any knee 

motion. However, for the motion analyses with the SBLO, the 

nonconforming part counts are all reduced to near zero. This 

indicates that the motion consistently falls within the bounds of 

healthy walking, reinforcing the previous analyses that show 

 
Fig. 11.  Process capability analysis: (i-iv) shows segment and joint motion when walking with Fixed KAFO (“FB”, orange) and healthy right leg (green). (v-viii) 
shows segment and joint motion walking with Gen-2 SBLO (“SBLO”, orange) and healthy right leg (green). For terminology, see Fig. 9 caption. 

TABLE II 
T-TEST ANALYSIS: FIXED KAFO VS GEN-2 SBLO 

 FB = Fixed Brace (KAFO). SBLO = Smart Bionic Leg Orthosis (Gen-2). 
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that the SBLO retrofit normalizes walking gait.  

The third part of the process capability analysis, presented in 

Table IV, is a process performance analysis that includes a set 

of metrics for a comprehensive measure of the individual and 

relative statistical performance. The top half of the table 

contains the reference analysis for leg segment and joint motion 

when walking with the fixed KAFO; the lower half contains the 

analysis for leg segment and joint motion when walking with 

the SBLO. The improvement in each walking gait parameter is 

noted in the final column. We observe that the SBLO is able to 

normalize shank motion by 70.79%, thigh motion by 93.25%, 

knee joint motion by 99.84%, and hip joint motion by 78.08%.   

D. SBLO Performance Summary 

Table V quantifies the benefit of the Smart Bionic Leg 

Orthosis (SBLO) by listing the observed improvement 

compared to a Fixed KAFO in eight key kinetic/kinematic 

motion parameters when tested on a leg with post-polio 

syndrome, plus one simulated parameter (energy consumption). 

The SBLO normalized shank motion, thigh motion, hip motion, 

and knee motion; in addition, the SBLO was also able to reduce 

gait pathologies: upper body tilt was reduced by 41.47%, and 

circumduction was reduced by 78.08%. These factors were able 

to increase wearer mobility, such as the 90% increase in 

maximum walking speed observed. The unique functionality of 

the SBLO is due to its dynamic, powered assistance for knee 

joint bending, as compared to leading commercially available 

KAFOs, which simply lock/unlock or dampen the motion of the 

knee joint [3],[7],[9]. Not only does the SBLO retrofit provide 

intelligent assistance that recognizes and adapts to variations in 

terrain, gait, speed, and mobility scenarios, it also maintains a 

minimal cost point ($600 retrofit onto a conventional KAFO, 

vs. up to ~$92,000 retail price for a new standalone brace [10]).  

VI. APPLICATIONS 

Unlike other leg orthoses, the retrofitted SBLO actively aids 

wearers of a KAFO during walking by utilizing a linear actuator 

to provide knee flexion for ground clearance during swing 

TABLE V 

PERFORMANCE IMPROVEMENT: GEN-2 SBLO VS FIXED KAFO 

Parameter Observed Improvement 

Knee joint motion Normalized by 99.84% 

Upper leg motion Normalized by 93.25% 

Hip joint motion Normalized by 77.93% 

Lower leg motion Normalized by 70.79% 
Energy consumption Reduced by 31.33% 

Leg circumduction Reduced by 78.08% 

Upper body tilt Reduced by 41.47% 
Foot force Up to 200.00% greater 

Walking speed Up to 90.00% greater 

 

TABLE III 

PROCESS CAPABILITY ANALYSIS: PERFORMANCE (NONCONFORMING PARTS PER MILLION) IN WALKING GAIT 

 
 For Process Capability Analysis terminology, see Fig. 9 caption. 

TABLE IV 

PROCESS CAPABILITY ANALYSIS: IMPROVEMENT IN WALKING GAIT PERFORMANCE, FIXED KAFO VS SBLO 

 
 For Process Capability Analysis terminology, see Fig. 9 caption.  
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phase. In contrast to KAFOs available on the market that are 

not suited for patients with minimal muscle function, this 

powered bionic retrofit can even aid patients with little to no 

quadriceps strength. The bionic leg orthosis is ‘smart’ not only 

due to its ability to interface with smartwatches / smartphones, 

but also because of the intelligent algorithms that offer multiple 

modes of functionality and allow the SBLO to adapt to changes 

in terrain, walking speed, and walking pattern.  

By decreasing gait pathologies that destabilize the upper 

body, the SBLO can offer a safer walking experience. As part 

of the compensatory strategies exhibited by a patient walking 

with a conventional KAFO, the upper body must move oblique 

to the path of motion, to aid swing of the nonfunctional leg 

forward. However, this leads to instability even when coupled 

with a walking aid such as a cane, due to the shift in the center 

of gravity and the abnormal gait, and often results in slips, falls, 

or stumbles [2]. With the SBLO retrofit, walking motion for 

each leg can occur in two parallel planes, relieving the need to 

compensate with the upper body for a lack of function of the 

lower limbs thereby decreasing the risk of falls. In addition, 

failsafe measures have been incorporated into the brace 

operation algorithm. For example, because the microcontroller 

detects a step forward by the right leg, turning or taking a step 

backwards will not trigger a step by the Smart Bionic Brace on 

the left leg, preventing undesired operation at incorrect times. 

The SBLO also has further applications beyond the demand 

and great need for a better KAFO, such as usage as a therapeutic 

device. Rather than manual muscle resistance training or large 

hospital rehabilitation devices, this retrofitted leg orthosis is an 

inexpensive, self-contained robotic rehabilitation solution with 

adjustable speed, motion, and tension for knee flexion and 

extension, offering a more flexible and versatile alternative than 

existing methods and equipment. To implement such a device 

on a larger scale, by retrofitting many patients’ KAFOs, the 

algorithm must be flexible to accommodate individual gait 

patterns. This has been accounted for in the SBLO, and only 

one parameter needs to be changed based on a preliminary gait 

analysis to personalize the algorithm to a patient’s walking gait: 

the baseline threshold to detect a step, which depends on the 

patient’s strength in their non-brace leg. After the first step, the 

SBLO adapts in real-time to the user’s walking.  

VII. CONCLUSION 

The smart bionic leg orthosis (SBLO) developed in this work 

offers a novel method to alleviate challenges faced by wearers 

of conventional KAFOs, helping to decrease pain and increase 

mobility by restoring normal motion characteristics to weak or 

paralyzed legs. Unlike conventional, fixed knee-ankle-foot 

orthoses, the SBLO bends the KAFO wearer’s knee during 

walking. It is easily voice-controlled and automatically adapts 

to changes in terrain and walking speed. Results from 

kinetic/kinematic calculations, walking gait testing, and 

statistical analysis indicate that the objectives of this work were 

achieved and demonstrate the unique robotic rehabilitation 

capability provided by the SBLO retrofit. Gen-2 SBLO torque 

and range of motion resemble that of reference healthy legs, 

reflecting a significant improvement from conventional fixed 

KAFOs. Biomechanical simulations indicate that the force 

contribution from the SBLO can minimize the additional effort 

needed by the wearer, reducing excess energy expenditure by 

more than 30%. Whole-body gait data from a wearable data 

collection harness confirmed that healthy walking gait was 

restored across multiple real-life testing conditions; all eight 

walking gait characteristics evaluated had been normalized 

across multiple mobility scenarios. Motion in leg segments and 

joints was normalized by up to 99.84%, and gait pathologies 

were reduced by up to 78%. The findings suggest that as an 

inexpensive retrofit to a conventional thermoplastic KAFO, the 

SBLO offers unique benefits by leveraging biomechatronic 

capabilities to aid in walking and incorporate rehabilitative 

assistance throughout daily ambulation. Future work may 

pursue further improvements to the power efficiency and shock 

absorption capabilities of the actuation mechanism. In addition, 

adaptive sensors can be incorporated that are capable of rapidly 

detecting and reacting to slips and falls [34]. By replicating the 

efficiency, resilience, and fast reaction times of biological 

musculature and reflex pathways, such advanced orthoses can 

offer greater control, comfort, and safety during walking. 
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