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SUMMARY 

 Musculoskeletal disorders of the back are an extremely prevalent health issue 

across the workforce in the United States. This is especially a concern in industries 

involving manual materials handling tasks that cause low back pain. While these injuries 

are generated by both symmetric and asymmetric lifting, asymmetric movements are often 

more damaging. Exoskeleton technology has become an increasingly popular preventative 

measure to low back pain, but many devices do not assist in asymmetry. Thus, I present a 

new system called the Asymmetric Back Exosuit (ABX). The ABX addresses this 

important gap in the field through unique design geometry and active cable-driven 

actuation. The suit allows the user to move in a wide range of lumbar trajectories while the 

“X” pattern cable routing allows for variable assistance application for these trajectories, 

enabling assistance during asymmetric movements. As indicated by a biomechanical 

model of the system made in OpenSim, the cable forces can be mapped to effective lumbar 

torque assistance for a given lumbar trajectory, allowing for intuitive controller design over 

the complex kinematic chain for varying lifting techniques. An early human subject study 

indicated that the ABX was able to reduce low back muscle activation during symmetric 

and asymmetric lifting by an average of 37.8% and 16.0%, respectively, compared to lifting 

without the exosuit. This was expanded to a larger biomechanics study of the ABX for 

which preliminary results of three subjects are examined and discussed. These evaluations 

indicate the potential for the ABX to reduce lumbar injury risk during symmetric and 

asymmetric manual materials handling tasks. 
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CHAPTER 1. INTRODUCTION 

1.1 Low Back Pain 

Often described as one of the most prevalent health issues in the United States and 

abroad, Low back pain (LBP) causes physical pain, reduction to quality of life, and 

economic hardship [1]–[3]. For example, it has been estimated that LBP causes 

approximately $20 billion a year in direct medical costs, and $100 to $200 billion annually 

when considering indirect costs, such as lost wages due to work absence [4]. However, the 

prevalence of LBP continues to rise despite these adverse consequences. For instance, 

Freburger et al.  surveyed North Carolina households in 1992 and 2006 finding that LBP 

prevalence doubled over the 14-year timeframe [5]. Further, the United States Bureau of 

Labor Statistics reported that 38.5% of all work-related musculoskeletal disorders involved 

the back in 2016, indicating the persistence of LBP in both the general population and 

industry [6]. 

1.1.1 Causes of Injury 

Common among industries in which there is high risk for LBP is the presence of 

manual materials handling (MMH) tasks [7]. As such, MMH tasks, such as lifting objects 

with high frequency and intensity, have been found to be a predictors of LBP in several 

previous studies [8]–[10]. Biomechanically, the lumbar spine and lumbar muscles are 

usually indicated as the most affected areas [11]. During lifting, trunk extensor muscles, 

primarily the erector spinae groups, generate extension moments along the trunk to 

stabilize the spine [12], [13]. Frequent and high-load MMH activities repeatedly require 
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the generation of these biological moments which increases the risk for strain in the erector 

spinae muscles, prolapse or protrusion of intervertebral discs from compression and shear 

in the lumbar spine, and damage to the vertebral column, all of which can induce LBP [12], 

[14]. Though symmetric restricted to the sagittal plane can inflict this damage, asymmetric 

lifting involving twisting the lumbar spine can exacerbate existing symptoms and increase 

the risk of LBP development [12], [15], [16]. Specifically, torso twist during lifting has 

been shown to reduce available trunk strength by up to 21% [17] and increase compressive 

and shear loading in the lumbosacral (L5/S1) joint during various MMH tasks [18] [19] 

[20] [21]. Although the additional danger of asymmetric lifting is apparent, it is present in 

many MMH-centered occupations [22]. Wearable supports, such as lifting belts and back 

braces, have been previously implemented and studied in industrial settings to combat LBP 

incidence rate but have shown little to no positive effect in reducing risk factors for LBP 

[23] [24] [25]. 

1.2 Exoskeleton and Exosuit Prior Art 

Because of the lack of effective preventative measures for LBP, industrial 

exoskeleton technology has gained substantial interest. As a result, previous research has 

studied the benefit of applying external mechanical power to the user during lifting through 

two main categories of assistive devices: passive exosuits and active exoskeletons [26], 

[27]. Measuring muscle activation through electromyography (EMG) is a common way to 

quantify the performance of these devices [26]. This is due to low back muscle activation 

being tied to development of LBP as well as EMG being approximately related to extensor 

moment generation [12] [28]. 



 3 

1.2.1 Passive Exosuits 

 Passive exosuits generally use pliable materials and elastic elements to provide 

passive assistance during lifting [29]–[32]. The design philosophy of these systems has 

yielded devices that are lightweight and allow the user to maintain their natural range of 

motion. Additionally, assistive force is often applied parallel to the human vertebral 

column, comparable to back extensor muscle action, which mitigates adverse effects of 

actuator-joint misalignment [33]. These benefits make passive exosuits more suited for 

asymmetric lifting tasks [31], [34]. For example, the personal lift assistive device (PLAD) 

from Abdoli et al. was shown to be effective in reducing estimated moments in the lumbar 

spine, specifically the L4/L5 joint, by 14-20% and activation of the erector spinae by 14.4-

27.6% in symmetric lifting of various loads [29]. This design was also studied in 

asymmetric lifting at a 45° angle between the sagittal and coronal planes showing that 

erector spinae activation was reduced by 21-31% and estimated lumbar moments were 

reduced by 24.5% about all 3 axes of rotation [34]. While unpowered, passive devices are 

able to positively affect human biomechanics while keeping overall weight and device 

obtrusiveness low. 

However, these benefits come at the cost of fixed assistance dynamics based on the 

mechanical properties of the elastic elements used in the suits [33]. This prevents passive 

devices from being adaptable to changes in lifting conditions, such as variation in object 

weight, which is known to change the demands on biological joints [18], [21], [35]. Also, 

extreme dynamic lifting (e.g. lifting an object with a 180° trunk twist) has not previously 

been explored [31], [34]. 
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1.2.2 Active Exoskeletons 

Conversely, active back exoskeletons utilize rigid frames, powered actuators, and 

various sensing systems to deliver controllable mechanical power to the user during MMH 

tasks [36]–[40]. Common among these designs is high magnitude torque assistance applied 

at the hips, resulting in a significant decrease of EMG activation of the low back muscles. 

For example, Toxiri et al. evaluated an active back-support exoskeleton with torque 

capability of 40 Nm at the hip joint and assistance control through inertial measurement 

unit (IMU), proportional myoelectric control, and a hybrid mode that combines both [36]. 

In symmetric lifting of 7.5kg and 15kg, significant peak reductions in EMG of the left and 

right iliocostalis (erector spinae group) of 28-35% were observed across the control 

methods. 

Though the assistance trajectory and magnitude can be effectively modulated for 

changes in task or user needs, these devices present significant drawbacks. For example, 

the increased weight from powered actuators and large batteries can be cumbersome, and 

rigid skeletal structures can restrict user range of motion [33]. Additionally, the actuators 

of active back exoskeletons are typically placed in-line with the user’s joints, which can 

lead to parasitic forces that compromise device comfort and assistance controllability if 

misaligned [33], [41]. Further, the reduction in user range of motion and in-line actuator 

placement prevents most active back exoskeletons from assisting outside of the sagittal 

plane, limiting their benefits to symmetric lifting. Though asymmetry has been previously 

explored in active devices, no biological outcomes were measured [42], and extreme 

asymmetric movements were not evaluated [38]. 
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1.2.3 Cable-Driven Actuation 

Another method of applying active assistance is through the use of cable-driven 

actuation. This technique hybridizes the assistance techniques of passive and active 

systems since cables function similarly to parallel actuation methods (i.e. elastic elements) 

[43], [44]. Furthermore, induced moments can be modulated and amplified as needed by 

powered actuators [43], [44]. This method also allows for greater control authority over 

complex joint spaces with numerous DoFs [45], [46]. A good example of this 

implementation is the spine-inspired back exoskeleton from Yang et al. [47]. This device 

leverages a soft design mimicking a human spine interwoven with a Bowden cable actuated 

by an off-board motor-gear-pulley transmission capable of high linear force (up to 1500 

N). Despite the advantages of cable-driven actuation, very little research has investigated 

the effects of cable-driven back assistive devices beyond limited symmetric motion [47], 

[48]. 

1.3 Novel Solution 

Neither active nor passive devices have completely addressed the issue of assisting 

in asymmetric dynamic lifting. Specifically, there is a gap in the field for a device that 

exhibits key design requirements: (1) maintain user freedom of movement, (2) provide 

active lumbar torque assistance regardless of biological kinematics, (3) reduce low back 

muscle activation with active assistance. Responding to this gap, I, with teams of graduate 

and undergraduate students, designed, developed, and evaluated the ABX (Figure 1), a 

novel exosuit that combines a flexible, biologically-inspired structure common in passive 
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exosuits with controllable powered assistance application characteristic of active 

exoskeletons.  

 

Figure 1 - The Asymmetric Back Exosuit (ABX) was designed to assist users during 

symmetric and asymmetric (shown here) lifting. ABX successfully reduced user 

lumbar erector spinae muscle activation during lifting compared to lifting without 

the exosuit. 

By implementing a cable-driven approach, the suit is able to apply assistive force in 

symmetric and extreme asymmetric lifting, preserve users’ range of motion, and provide 

assistive torque over the 3 axes of the L5/S1 joint while keeping the overall device 

lightweight and unobtrusive. Because of the novel design geometry of this device, I 
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hypothesize that, through human subject evaluation, the ABX is able to reduce risk factors 

for LBP in symmetric and asymmetric lifting.  

1.4 Introduction to the Remainder of the Thesis 

The remainder of this thesis details the design and development of the ABX as well 

as human subject biomechanical evaluation. Specifically, Chapter 2 explains the design 

rationale and mechanical and controls design and development. Chapter 3 details the 

methods and results of actuator validation, methods and results from the human-exosuit 

outcomes study, and the early EMG outcomes results from the biomechanics study. Finally, 

a discussion of the analyses and results from each study and final remarks are provided in 

Chapter 4. 
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CHAPTER 2. EXOSUIT DESIGN 

2.1 Actuator Design 

2.1.1 Rationale 

We designed ABX using cable-driven actuation (Figure 2-A), which mimics the 

musculoskeletal system [44]. Cable-driven actuation provides three key benefits over 

actuators mounted in-line with biological joints for lumbar assistive devices: 1) cable-

driven actuation can provide assistance over multiple degrees of freedom (DoFs) (i.e., the 

intervertebral and hip joints) without adding additional actuators or device joints [46], [47], 

[49]; 2) unlike rigid, in-line actuation interfaces, cable-driven systems maintain the 

decoupling of the assisted biological joints with minimal device complexity and weight 

[47]; and 3) with sufficient cable routing, the device actuators can be placed independently 

of biological joint location [47], [49]–[51], resulting in increased user comfort and 

offloading of the actuator weight from the lumbar. Given these benefits, cable-driven 

actuation allows the ABX to provide active assistance across the hip and intervertebral 

DoFs while preserving the user’s range of motion. Further, we implemented two 

independently actuated cables that attach to each of the user’s thighs and opposite 

shoulders, resulting in an “X” pattern crossing along the lumbar spine. This actuation 

geometry allows for the total assistance magnitude and relative assistance asymmetry to be 

independently controlled by the device. 
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Figure 2 - A) The Asymmetric Back Exosuit (ABX) designed and validated in this 

study is shown. Thigh-mounted actuators tension the nylon cables attached to 

opposite shoulders to assist the user during symmetric and asymmetric lifting. 

Additionally, the microcontroller, batteries, and motor controllers are mounted on 

the back of the user, making the ABX a fully autonomous system. B) To characterize 

the mechanical advantage of the ABX on the lumbar spine, the actuator cables were 

modeled with respect to the user in OpenSim. As shown, the actuator cables generate 

an assistive torque in the flexion/extension, axial rotation, and lateral bending degrees 

of freedom of the lumbosacral joint located at the origin of the lumbar reference 

frame. 

Despite these advantages, cable-driven actuation can result in a reduced mechanical 

advantage with respect to the lumbosacral joint compared to in-line actuation [36]–[40]. 

Thus, it was important to design the ABX actuators to generate sufficient cable force to 

provide active assistance benefits. Using a simplified two DoF (hip and lumbar extension) 

lifting model (Figure 3) similar to previous studies [52], [53], we designed our actuators 

such that the maximum induced lumbosacral extension assistance was larger than 100 Nm, 

which is approximately 50% of the peak biological moment in un-loaded trunk extension 

[54]. Some assumptions are made when using this model. First, the torque in the L5/S1 

generated by flexion/extension is much greater than that induced by axial rotation or lateral  
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Figure 3 - Simplified 2-DoF model of the ABX cable action over the lumbosacral 

(L5/S1) and hip joints.  

bending. Second, cable speed in flexion/extension is much greater than that in axial rotation 

or lateral bending. Third, perfect energy transfer occurs in the system (no losses to friction). 

Fourth, the kinematics of the lumbar spine are resolved to the kinematics of the L5/S1.  

We computed a required tension in each cable (𝑠𝑚) of 556 N to achieve a lumbar 

assistive torque (𝜏𝑡) of 100 Nm using a moment arm (𝑟𝑡) of 9 cm [30] as  

 𝑠𝑚 =
𝜏𝑡

2𝑟𝑡
 . (1) 

Additionally, we computed the maximum expected shortening speed of the cable (𝑙𝑚̇) to 

ensure our actuators were not speed limited. Assuming lossless energy transfer between 

the cable and joint (𝜃), the effective moment arm (𝑟𝜃) can be expressed using the joint 

velocity (𝜔𝜃) as 
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𝑟𝜃 =

𝑙𝑚̇

𝜔𝜃
 . (2) 

Thus, the maximum expected cable shortening speed was computed as 28.7 cm/s using 

normative hip and lumbar extension velocity trajectories during symmetric lifting [55], 

assuming constant moment arms of 9 cm for both the hip (𝑟ℎ) and lumbosacral (𝑟𝑡) joints 

using 

 

𝑙𝑚̇ = max ∑ 𝑟𝑖𝜔𝑖

𝑛𝜃

𝑖

 . (3) 

2.1.2 Pulley and Speed Reduction Specification 

Using these linear force and speed requirements, we designed and manufactured an 

actuator assembly for each cable of the exosuit. Driving each assembly is a U8-Lite KV100 

brushless DC motor (T-Motor, Nanchang, Jiangxi, China), rated to provide a torque 

(𝜏𝑚𝑜𝑡𝑜𝑟) of 2.42 Nm at 395.5 rad/s (𝜔𝑚𝑜𝑡𝑜𝑟 ) (3777 rpm), which was further characterized 

by Lee et al. across several operating conditions [56]. Using a pulley major diameter 

(𝑑𝑝𝑢𝑙𝑙𝑒𝑦) and a speed reduction/torque amplification (𝑅) gives the following speed 

condition for selecting pulley diameter and speed reduction: 

 

(
𝜔𝑚𝑜𝑡𝑜𝑟

𝑑𝑝𝑢𝑙𝑙𝑒𝑦

2

) ∗ (
1

𝑅
) > 𝑙𝑚̇ . (4) 

Further, to satisfy the set force condition we use 
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(
𝜏𝑚𝑜𝑡𝑜𝑟

𝑑𝑝𝑢𝑙𝑙𝑒𝑦

2

) ∗ 𝑅 > 𝑠𝑚 . (5) 

Since the speed condition is the lower bound, the torque specification can be increased to 

allow for a greater range of assistance. To meet the above conditions, a pulley major 

diameter of 2.09 cm (0.83 in) and a speed reduction of 6 was chosen. The pulley diameter 

was selected to maximize force output of the actuator while maintaining a sufficient bend 

radius for the nylon actuation cable [57]. The actuator transmission results in a cable 

tension of 1385 N given a motor torque of 2.42 Nm, which is larger than the required peak 

cable tension of 556 N. Additionally, for this torque, the linear speed of the cable is 69.1 

cm/s, which is above the minimum target of 28.7 cm/s. 

2.1.3 Planetary Gear System 

Using 𝑅 derived in the previous section, a planetary gear system was designed to 

amplify 𝜏𝑚𝑜𝑡𝑜𝑟. The system consists of a sun gear attached to the output of the motor, three 

planet gears connected to the pulley output through a carrier, and a ring gear attached to 

the actuator housing. Gear tooth number (N) is related to gear radius by 𝜋, the tooth pitch, 

pressure angle, addendum, and dedendum distance. However, these values do not need to 

be calculated with respect to gear reduction, since reduction is a ratio of tooth numbers. In 

order to physically fit the planet gears and sun gear within the ring gear, the following is 

used [58]: 

𝑁𝑟 = 2𝑁𝑝 + 𝑁𝑠 (6) 
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where 𝑁𝑟, 𝑁𝑝, and 𝑁𝑠 are the numbers of teeth for the ring, planet, and sun gears 

respectively. Further, the teeth numbers of the rotating elements, the sun and planet gears 

(the ring gear facilitates the rotation and is itself stationary), can be related to the speed 

reduction using 

1

𝑅
=

1

2
∗

𝑁𝑠

𝑁𝑠 + 𝑁𝑝
 . (7) 

From this, the teeth numbers were chosen as follows: 𝑁𝑠 of 20 teeth, 𝑁𝑝 of 40 teeth, and 

𝑁𝑟 of 100 teeth. Using these numbers and standard gear sizing constraints in SolidWorks 

(Dassault Systems, Vélizy-Villacoublay, France), the gear system was designed to 

approximately fit the 12.7 cm (5 in) diameter profile of the motor. A pitch angle of 0.558 

rad (32°) and a pressure angle of 0.35 rad (20°) was chosen for higher force contact during 

actuator operation [59]. In order for the planet gears to act as the output, a carrier piece was 

designed to connect all three planet gears via steel screw and pressure-fit bearings. This 

piece attaches to the pulley through a ball bearing interface, which offloads lateral force 

from the drive system to surrounding metal housing pieces. Two mounting plates are 

attached to either side of the actuator assembly to further offload forces and facilitate 

linearity of the actuating elements. The full actuator assembly is shown in Figure 4. 

 The actuator pulley, housing, interfaces, and mounting plates were manufactured 

in-house from aluminum 6061 using CNC. Similarly, the planetary gear transmission was 

also manufactured in-house from the same material using wire EDM. Including the motors, 

the actuators weigh 1.55 kg each, and fully assembled, the ABX weighs a total of 6.4kg, 



 14 

which is substantially less than most previous active devices while having higher assistive 

torque capability (Table 1). 

 

Figure 4 - The ABX thigh-mounted actuator is shown. The left subfigure shows an 

exploded view of the system, where (a) is the brushless DC motor driving the assembly 

and (b) is the 6:1 planetary gear reduction that transmits torque to the output pulley 

(c). Depicted above (a) is a plastic motor cover, which routes the motor windings and 

hall-effect sensor wires away from the cable line of action. Shown above (c) is the 

cable guide, which encapsulates the pulley in order to enforce proper spooling and 

prevent cable backlash. Below (b), the orthotic bracket which fastens the actuator to 

the thigh orthosis is shown. The assembled actuator is shown to the right of the 

exploded view. 

2.2 Human Interface 

2.2.1 Attachment Considerations 

The exosuit attaches to the user’s thighs and trunk using orthotic interfaces 

(Fillauer, Chattanooga, TN, USA) and a supportive modular vest (Condor Outdoor, 

Irwindale, CA, USA), respectively (Fig. 2A). The actuator mounting plates attach to the 

thigh orthosis via a custom-made mounting bracket. To fit the actuator mounting bracket 

to the thigh orthosis, the thigh orthosis was 3D scanned using a FaroArm (FARO, Lake 

Mary, FL, USA), and the mounting bracket was shaped using the generated point cloud. 
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Because this piece supports the weight and tension from the actuators and is of an irregular, 

difficult-to-machine shape, it was manufactured using a Markforged 3D printer 

(Markforged, Watertown, MA, USA) with Onyx material, giving it higher strength than 

other 3D-printable plastics at a light weight. Continuous stranded carbon fiber was inlaid 

around the major screw and rivet holes for actuator and orthotic attachment respectively, 

further reinforcing the piece. 

Table 1 – Specifications of Back Assistive Devices 

Device Type Mass (kg) 

Trunk Extension 

Assistance (Nm) 

Lamers et al. (2017) P 2.0 12 

Toxiri et al. (2018) A 11.0 80 

Zhang and Huang (2018) A 11.2 100 

Alemi et al. (2019) P 4.5 - 

Yong et al. (2019) A 5.0 128 

Heo et al. (2020) A 10.5 80 

Koopman et al. (2020) P 6.7 50 

ABX A 6.4 172* 

P = Passive, A = Active. * represents peak extension torque at the start of the 

symmetric lift (see Chapter 3 Section 3.3.8) 

 

2.2.2 Cable Routing and Plastic Components 

To ensure proper spooling of the cable around the actuator pulley, the pulley was 

externally threaded with a pitch of 0.38 cm. This resulted in a maximum spooling length 
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of 79 cm. Additionally, a cable guide is attached axially around the pulley (Figure 4). This 

ensures the cable spools along the external threads by constraining radial travel using two 

plastic bars. After the actuator pulley, the cable is routed through the mechanical hard stops, 

which were made from wire rope clamps used to limit the maximum cable length the 

actuators can spool (Figure 2-A). This was used to prevent over-extending the user beyond 

an upright position in the case of unintended device actuation.  

The cables are then routed through the glute cable guide to ensure that the cables 

do not slip around the user, which would degrade the lumbar assistive torque of the exosuit. 

This cable guide is adjustable for each user so that it sits approximately on the largest radius 

of the glutes maximus during lifting. Further, it attaches to the exosuit vest through mesh 

straps near the low back. The actuation cables then pass through the lumbar cable guide 

underneath the electronics housing all contained on the vest, which facilitates the crossing 

pattern of the cables. Finally, each cable attaches to the opposite shoulder via a carabiner 

mounted in series with the tension load cells (see Section 2.3.1). All of the cable guides 

were manufactured using an Ultimaker 2+ 3D printer with Ultimaker Tough PLA 

(Ultimaker, Utrecht, NL). 

2.3 Sensor Integration and Controller 

2.3.1 Sensor Suite 

The ABX controller is executed using a sequential control loop deployed on an 

onboard Teensy 3.6 (PJRC) microcontroller (MC) at 200 Hz. The exosuit uses two load 

cells (Transducer Techniques, Temecula, CA, USA), one placed at each shoulder 

attachment in-line with the actuator cables to measure linear force provided to the user. 
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The load cell output voltages are amplified using two AD623 op-amps (Analog Devices, 

Norwood, MA, USA) and are each sampled once per control loop. An MPU9250 inertial 

measurement unit (IMU) (TDK, San Jose, CA, USA) is placed at the cervicothoracic 

junction, which estimates trunk orientation in real-time as a set of Euler angles updated by 

the built-in digital motion processor at 67 Hz. Two electronic speed controllers (ESCs) 

(Flipsky, Dongguan City, China) govern actuator operation using speed control based on 

serial commands from the MC over UART. The actuators are powered using two 22.2 V, 

3600 mAh LiPo batteries (Venom Power, Rathdrum, ID, USA) wired in series. The load 

cells are powered using a separate 11.1 V, 800 mAh LiPo battery (Venom Power, 

Rathdrum, ID, USA). The MC, ESCs, load cell amplification circuit, and batteries are 

mounted in the electronics housing located along the user’s thoracic spine (Figure 2-A). 

2.3.2 Low-Level Controller and Finite State Machine 

In order to autonomously assist the user, we implement a two-tier control system. 

Specifically, the mid-level finite state machine (FSM) detects the user mode throughout 

the lift and updates the control gains and desired cable tension (𝑠𝑑) of the low-level force 

controller accordingly. The low-level control law (Figure 5) dictates the commanded motor 

velocity of each motor (𝜔𝑐𝑚𝑑) using the difference between 𝑠𝑑 and the measured cable 

tension (𝑠) from the corresponding load cell, the measured user trunk extension velocity 

(𝜔𝑡) from the IMU, and the control gains (𝑘𝑠 and 𝑘ℎ) as  

𝜔𝑐𝑚𝑑 = 𝑘𝑠(𝑠𝑑 − 𝑠) + 𝑘ℎ𝜔𝑡 . (8) 
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Figure 5 - Block diagram of the low-level controller. Trunk extension velocity and 

desired cable tension are fed into the low-level control law. This outputs a velocity 

command to the actuators, which induces cable tension. Using the Load Cells, tension 

is measured and fed back through the controller. 

The first term in the control law is used to track the desired cable tension using the 

proportional gain, 𝑘𝑠. The second term is used to compensate for the movement of the user. 

This allows the cables to unspool as the user bends down towards the object and provides 

a convenient method for taking up the slack in the cable as the user lifts the object. This 

allows the proportional error term to be tuned with a much smaller gain as it is not needed 

for compensating for user movement, but rather for tracking the desired force using 

conventional servo control. 

The magnitudes of 𝑘𝑠 and 𝑘ℎ are hand-tuned for each user to optimize force 

tracking. Once tuned, these gains are autonomously varied during the lift depending on the 

user state detected by the FSM, shown in Fig. 4. The parameters 𝜃0 and 𝜃𝑏 are defined as 

the stand angle (the trunk angle measured by the IMU corresponding to when the user is in 

a neutral standing position) and bent angle (the trunk angle measured by the IMU that 
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occurs ~10° before the user reaches the bottom of the lift), respectively. These values are 

also calibrated per user before device operation. Hand-tuning of the control gains and FSM 

thresholds takes approximately 10 minutes per subject. 

During operation, the FSM (Figure 6) transitions between states based on the 

measured trunk extension angle angle (𝜃𝑡) and trunk extension velocity (𝜔𝑡). Neutral 

Standing (State 0) is entered when the trunk extension angle is larger than the stand angle 

(𝜃𝑡 ≥ 𝜃0). During Neutral Standing, the FSM sets 𝑘𝑠 and 𝑘ℎ to zero to disable operation 

of the actuators. The FSM transitions to Transparency Mode (State 1) from Neutral 

Standing once the trunk extension angle is less than the stand angle (𝜃𝑡 < 𝜃0). During 

Transparency Mode, 𝑘𝑠 is set to zero and 𝑘ℎ is updated to the tuned magnitude to allow 

transparent (open-loop zero force) tracking of the cables with the user’s trunk motion. Once 

the user’s trunk flexion reaches or exceeds the bent angle (𝜃𝑡 ≤ 𝜃𝑏), the FSM transitions 

to Cable Pre-Tension (State 2). During Cable Pre-Tension, 𝑘𝑠 and 𝑘ℎ are set to the 

previously tuned magnitudes and 𝑠𝑑 is incremented from zero to the starting assistance 

force over a 500 ms period. This allows the actuators to preemptively remove slack from 

the cables and quickly ramp up to assistance while avoiding user discomfort, similar to the 

action of an elastic element. After tensioning the cables, the FSM transitions the low-level 

controller into Full Assistance (State 3) once the user’s trunk extension velocity exceeds a 

predefined threshold (𝜔𝐹𝐴). For this study, we fixed 𝜔𝐹𝐴 at 1.2 rad/s (70 °/s) for all users. 

During Full Assistance, 𝑘𝑠 and 𝑘ℎ remain at their tuned magnitudes to provide assistance 

according to the programmed desired force trajectory. Once the user’s trunk extension 

angle exceeds the stand angle during Full Assistance, the FSM transitions back to Neutral 

Standing. Additionally, the FSM is programmed to transition to Transparency Mode if 𝜔𝑡  
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Figure 6 - The Finite State Machine (FSM) used to control the ABX is shown. When 

device operation begins, the user stands in neutral position (State 0). Once they begin 

to bend their trunk (𝜽𝒕 < 𝜽𝟎) the actuators slack or tension the cables based on the 

flexion/extension angle of the trunk (State 1) until the user bends down past the bent 

angle threshold (𝜽𝒕 ≤ 𝜽𝒃). The user prepares to lift an object as the cables spool up 

until the desired assistive force is reached (State 2). Once this occurs, the user initiates 

full assistance (State 3) by beginning to lift so that their trunk flexion/extension 

angular velocity is greater than the set threshold (𝝎𝒕 > 𝝎𝑭𝑨). Once the user is at the 

top of the lift and stops moving, the device returns to State 0. If the user stops in the 

middle of the lift and does not reach neutral standing, they enter State 1. 

falls below a predefined threshold (𝜔𝑂𝐹𝐹) during Full Assistance as an additional safety 

feature. We fixed this threshold at 0.5 rad/s (30 °/s) for all users. Thus, the exosuit is 

completely autonomous, meaning that the system hardware is self-contained on the user 
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and that the controller does not require external information dictated by a separate operator 

(e.g., manual mode state transitions). 
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CHAPTER 3. HUMAN-EXOSUIT OUTCOMES STUDY AND 

BIOMECHANICS STUDY  

3.1 Overview 

The evaluation of the ABX consists of 3 main parts. First is an actuator validation on 

benchtop and on user. Second is the human-exosuit outcomes study that explores how ABX 

affects trunk muscle EMG during symmetric and asymmetric lifting of various weights, as 

well as the lumbar torque workspace of the device and how it affects user range of motion 

(RoM). Lastly, the third part details the early EMG results from the biomechanics study, a 

large-scale study designed to evaluate the ABX’s effect on user biomechanics and trunk 

muscle EMG with varying assistance magnitudes. 

Common among all the described evaluations is the maximum assistive force 

application of 25% of user bodyweight. While the ABX is capable of much greater force 

magnitudes, it was found in early development that magnitudes above 25% user 

bodyweight became uncomfortable when preparing to lift (FSM State Cable Pretension). 

For the weight of an average adult male, around 90.7 kg (200 lbs.) [60], the resulting cable 

force in each ABX cable is 111 N (25 lbs.) or 222N total across the a user’s back. This is 

also in line with previous work on passive exosuits of similar structure from Lamers et al. 

that evaluated lifting at a peak elastic band force of 27% user bodyweight [30] and Abdoli 

et al. that assisted with around 200 N in the elastic elements across the back during lifting 

[34].  

3.2 Exosuit Actuator Validation 
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3.2.1 Methods 

To evaluate the performance of our actuators in providing assistive force, steady-

state force tracking was evaluated during benchtop and on-subject conditions using the 

nominal desired force of 111 N (25 lbs.). During the benchtop condition, the actuator was 

mounted to a screwboard and connected to a tension load cell by a 100 cm nylon cable 

(approximate maximum cable length during lifting). Desired force was increased from 0 to 

111 N over 500 ms and the resulting force was measured by the load cell at 200 Hz. The 

same protocol was performed using both the left-thigh and right-thigh actuators. 

Additionally, we tested the ABX assistance tracking performance while worn by a human 

subject lifting a 15.9 kg (35 lbs.) weighted bag. Similar to the benchtop condition, the 

desired force was increased from 0 to 111 N per cable over 500 ms during Cable Pre-

Tension and commanded to a constant desired force of 111 N during Full Assistance.  

3.2.2 Results 

The steady-state force tracking error for the benchtop condition was computed as 

the root mean square error (RMSE) between the desired and measured cable force over the 

first two seconds after the cable reached 95% of the 111 N desired force. Similarly, the 

force tracking error for the on-subject condition was computed as the RMSE between 

desired and measured cable force during Full Assistance. The on-subject assistance was 

controlled using the autonomous FSM.  

During the benchtop condition, the average assistance tracking RMSE was 2.4 N 

and 1.4 N for the left-thigh and right-thigh actuators, respectively. Figure 7 shows a 

representative trial during the on-subject condition. Similar to the benchtop condition, the 
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assistance tracking RMSE during the on-subject condition was 1.2 ± 0.4 N and 2.3 ± 0.8 N 

for the left-thigh and right-thigh actuators, respectively. In both conditions, the average 

tracking RMSE was less than 3% of the total desired force, demonstrating that the actuators 

accurately provided cable tension. 

 

Figure 7 - A representative trial of the actuator performance during on-subject 

assistance is shown. The phases of the lift are characterized by the background colors 

on the plot. Desired force is the black profile, and tracking this profile are left and 

right actuators (blue and red). The flexion/extension angle of the user’s trunk is 

shown in green. During Full Assistance, the actuators tracked the desired force of 111 

N (25 lbs.) with an RMSE of 1.8 N. 

3.3 Human-Exosuit Outcomes Study 
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3.3.1 Overview 

We conducted a series of experiments to evaluate the effect of the ABX assistance 

on user outcomes. Specifically, we measured the change in EMG measurements of the 

trunk musculature compared to lifting without the exosuit to quantify the benefits of the 

ABX on reducing low back muscle effort. Additionally, we measured lumbar range of 

motion (RoM) with and without the exosuit to assess any penalties the ABX may have on 

the user’s freedom of movement. Finally, we adapted a previously validated full-body 

OpenSim model [61]–[63] to quantify the assistive workspace of the exosuit with respect 

to the lumbosacral joint. This third analysis provided a high-fidelity characterization of the 

ABX’s effect on the 3-DoF lumbosacral moments, relaxing the assumptions and limitations 

of previous back assistive device analyses, such as assuming constant device moment arms 

and planar lumbar movement [30], [52], [53]. Lumbar dynamics are reported as defined by 

the lumbosacral reference frame shown in Figure 2-B. 

3.3.2 Muscle Activation Experiment: Methods 

To evaluate the effects of ABX assistance on the user during lifting, we conducted 

a three subject (average age of 22.7 ± 0.6 years, mass of 79.1 ± 3.6 kg, and height of 1.79 

± 0.06 m) validation experiment approved by the Georgia Institute of Technology Central 

Institutional Review Board (H19276). Each subject provided informed consent prior to 

completing the experimental protocol, and none of the subjects had histories of low back 

injury or musculoskeletal disorders that would confound the results of this experiment. The 

participants lifted weighted bags using three techniques, which were labeled the symmetric 

(SYM), asymmetric 90° (ASYM90), and asymmetric 180° (ASYM180) techniques, 
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designed to vary the lumbar twist at the start and end of the lift (Figure 8). Each lifting 

technique consisted of lifting the weighted bag from the ground (~5 cm away from the 

user’s feet) and placing it on a table with a height of 75 cm. The SYM technique consisted 

of sagittally lifting the weighted bag from a starting position directly in front of the user’s 

feet and ending directly in front of the user. The ASYM90 technique involved lifting the 

weighted bag placed on the user’s right side to enforce a 90° rotation at the start of the lift 

and placing the bag on the table directly in front of the user. Finally, the ASYM180 

technique involved lifting the weighted bag placed on the user’s right side and placing it 

on the table set on the left side of the user, inducing a 180° rotation from the start to end of 

the lift. Each participant completed five repetitions, lifting three different weighted bags of 

6.8, 15.9, and 22.7 kg (15, 35, and 50 lbs., respectively) for the SYM and ASYM90 

techniques and lifting a single weighted bag of 15.9 kg (35 lbs.) for the ASYM180 

technique under two exosuit conditions. The exosuit conditions were: 1) NO EXO, in 

which the user completed the lifts without wearing the exosuit, and 2) EXO ASSIST, in 

which the exosuit actively provided 25% of the user’s bodyweight evenly distributed 

between the cables during the upward portion of the lift, similar to the  peak assistance 

force in a previous passive exosuit study [30]. Thus, each subject completed 70 lifting 

repetitions. Prior to completing the experimental conditions, participants were instructed 

to stand with feet shoulder-width apart and to stoop while lifting with a slight bend in the 

knees across lifting techniques. The movements were practiced across bag weights and lift 

techniques until the participants were comfortable with the movements and proper lifting 

technique was verified by the experimenters.  
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Figure 8 - The experimental setup is shown. The participants lifted weighted bags of 

6.8, 15.9, and 22.7 kg (15, 35, 50 lbs.) from the ground to a 75 cm elevated table using 

varying lifting techniques. The symmetric (SYM), asymmetric 90° (ASYM90), and 

asymmetric 180° (ASYM180) lifts were tested to evaluate the effects of exosuit 

assistance across common lifting techniques of varying lumbar twist. 

During each experiment, electromyography (EMG) data was collected using a 

Biometrics DataLINK DLK900 Data Acquisition System (Biometrics Ltd, Newport, UK) 

at 1000 Hz. Electrodes were placed on the left and right lumbar erector spinae (LLES and 
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RLES), left and right latissimus dorsi (LLD and RLD), left and right external obliques 

(LEO and REO), and rectus abdominis (RA) muscle groups. The electrodes were placed in 

accordance with SENIAM standards [64]. 

3.3.3 Muscle Activation Experiment: Data Analysis 

EMG data of each trial were offset by the mean of the signal, filtered using a 

bandpass 30 to 300 Hz zero-phase fifth order Butterworth filter, rectified, and then lowpass 

filtered with a 6 Hz zero-lag fifth order Butterworth filter. The root mean square muscle 

activation (rEMG) was computed over a three second period for each repetition. The rEMG 

data for each channel (one per muscle group) of the EXO ASSIST trials were then 

normalized to the corresponding averaged rEMG data of the NO EXO condition. The EMG 

results are presented as the percent change in rEMG of the EXO ASSIST conditions 

relative to the corresponding NO EXO conditions (average ± 1 standard error of the mean 

(SEM)). One subject’s data for the LLES and RLES groups were excluded due to 

malfunction caused by the cable action interfering with the electrodes. Also, for the same 

subject, EMG malfunction on the RA group occurred during two repetitions of the 

ASYM90 6.8kg lifts which were also discarded. The rEMG for the LLES and RRES 

muscles was averaged over two subjects. 

3.3.4 Muscle Activation Experiment: Results 

Figure 9 shows the relative change in rEMG of the EXO ASSIST condition 

compared to the NO EXO condition for each lift technique and weighted bag mass. Across 

all technique types and bag weights, trunk extensor muscle (LLES, RLES, LLD, RLD) 

rEMG was decreased. Specifically, with regard to the LLES and RLES groups, large rEMG 
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reductions were observed in symmetric lifting across bag weights (44.0 ± 3.88% L and 

46.5 ± 3.39% R for 6.8kg, 36.9 ± 8.21% L and 37.9 ± 2.25% R for 15.9kg, 31.6 ± 15.6% 

L and 30.1 ± 8.38% R for 22.7kg). Regarding ASYM90 lifting, reductions were also 

observed, but to a lesser extent (32.0 ± 6.48% L and 21.0% ± 20.4% R for 6.8kg, 6.73 ± 

6.48% L and 14.7 ± 17.6% R for 15.9kg, 1.5 ± 6.04% L and 17.8 ± 10.4% R for 22.7kg). 

For the ASYM180 condition, similar reductions are observed (18.0 ± 15.5% L and 10.2 ± 

16.9% R for 15.9kg). The LLD and RLD groups also experienced generally large 

reductions across all conditions and weights, except for the ASYM90 technique with 6.8kg 

bag weight. 

As for the flexor muscles (LEO, REO, RA), decreases of activation were observed, 

except for the LEO group at the 6.8kg bag weight, where activation increased by 12.8 ± 

9.93%, during symmetric lifting. Regarding ASYM90, increases of the REO and RA 

groups of 8.39 ± 9.69% and 32.6 ± 34.8%, respectively, for the 6.8kg weight were 

observed. Another increase occurred for the RA group of 3.79 ± 5.99% during the 22.7kg 

lift of the same technique type. During the ASYM180 technique, RA also increased by 

5.31 ± 0.74%. Other than these increases, trunk flexor muscle rEMG was generally 

decreased across technique types and bag weights. 

3.3.5 RoM and Lumbar Torque Workspace Experiment: Methods 

On a separate day from the muscle activation experiment, one participant (age of 

23 years, mass of 81.6 kg, and height of 1.75 m) returned to complete a second 

experimental protocol to collect kinematic data to evaluate user range of motion changes 

when using the ABX. The second protocol consisted of seven lifting repetitions of the 15.9  
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Figure 9 - The resulting muscle activations while using the ABX are shown as the 

relative change to those measured without wearing the device (NO EXO). All muscle 

activations were measured using surface electromyography. The results are presented 

for each tested bag weight during the symmetric (SYM), asymmetric 90° (ASYM90) 

and asymmetric 180° (ASYM180) lifts as the average change in RMS muscle 

activation ± 1 SEM. 
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kg (35 lbs.) bag using each of the three prescribed lifting techniques (Figure 8). During this 

protocol, the NO EXO and EXO ASSIST conditions were repeated, as well as a SLACK 

condition, in which the exosuit was worn while unpowered with slack in the cables during 

the entire lift. During this experiment, whole-body motion capture data was collected using 

a 32-camera Vicon motion capture system (Vicon, Oxford, UK) at 200 Hz. Retroreflective 

markers were used to collect kinematic data of the feet, shanks, thighs, pelvis, trunk, arms, 

and hands. Additionally, 6-axis force data was collected using two Bertec force plates 

(Bertec, Columbus, Ohio, USA) at 1000 Hz to mark the start and end of the lift. 

3.3.6 RoM and Lumbar Torque Workspace Experiment: Exosuit OpenSim Model 

To compute the resulting lumbar RoM and assistive torque workspace of the ABX, 

we modified the OpenSim Lifting Full-Body (LFB) model [63], a musculoskeletal model 

validated for analyzing the lumbar spine during lifting movements, to include 

musculotendon actuators representative of the two actuation cables of the ABX (Figure 2-

B). The start and end points of the modeled cables were fixed using the ABX thigh and 

shoulder attachment locations as measured using motion capture markers during a subject-

specific calibration trial. Additionally, the modeled cables were guided along the trunk and 

pelvic bodies using massless, frictionless wrapping surfaces to mimic the constraints of the 

exosuit cable guides. 

3.3.7 RoM and Lumbar Torque Workspace Experiment: Data Analysis 

The motion capture and force plate data were lowpass filtered using a zero-lag fifth 

order Butterworth filter with a cutoff frequency of 6 Hz and 20 Hz, respectively. The start 

of the lift was marked when the weighted bag was fully removed from the starting force 
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plate. Similarly, the end of the lift was marked when the weighted bag first contacted the 

ending force plate. We then computed the lumbar RoM and ABX assistive torque 

workspace using OpenSim [61], [62]. The motion capture data of the 58-marker full-body 

marker set was used to scale the anthropometry, inertial properties, and exosuit cable 

attachment points of the modified LFB model to fit that of the individual participant using 

the OpenSim Scale Tool. The generalized joint coordinate trajectories of the scaled model 

for each lifting trial were then computed using the built-in OpenSim Inverse Kinematics 

Tool, which minimizes the weighted sum of least squares between the experimental and 

modeled markers as a function of the generalized coordinates of the model. Using these 

joint trajectories, the lumbar RoM for each trial was computed as the difference between 

the maximum and minimum trunk angle with respect to the sacrum through the lift in the 

flexion/extension, axial rotation, and lateral bending DoFs (shown in Figure 2-B). 

We then used the OpenSim Muscle Analysis Tool to compute the ABX moment 

arms of the scaled model with respect to the L5/S1 joint. The Muscle Analysis tool defines 

the effective moment arm (𝑟𝜃 ∈ ℝ) between a DoF and musculotendon actuator (𝑎) as the 

ratio of torque induced at the DoF (𝜏𝜃) with respect to the tension of the musculotendon 

actuator (𝑠𝑎) given the set of generalized coordinates of the model (𝑞) [65] as 

𝑟𝜃(𝑞) ≜
𝜏𝜃

𝑠𝑎
 . (9) 

With this formulation, the solver computes the effective moment arms using two 

assumptions: 1) the path of the musculotendon actuator (𝑙) is fully described by the 

generalized coordinates of the model (𝑙 = 𝑙(𝑞)), and 2) the tension in the musculotendon 
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actuator is uniform and the transform between spatial forces and tension is linear. Using 

these assumptions, the effective moment arm of the musculotendon actuator is computed 

using the generalized forces (𝑓(𝑠)) defined by the model geometry, the joint-specific 

geometric coupling matrix (𝐶𝜃), and by fixing 𝑠 to unit tension (𝑠𝑜) [65]: 

𝑟𝜃 =
𝑓𝑇𝐶𝜃

𝑠0
 . (10) 

The assistive torque workspace of a given biological DoF (𝑊𝜃) was then computed using 

the definition show in (5), the effective moment arms of the exosuit cables (𝑅𝜃), and the 

interval between the minimum (𝑆𝑀𝐼𝑁) and maximum (𝑆𝑀𝐴𝑋) cable tensions that can be 

generated by the exosuit: 

𝑊𝜃(𝑞) = {𝑅𝜃
𝑇(𝑞)𝑆 | 𝑆 ∈ [𝑆𝑀𝐼𝑁 , 𝑆𝑀𝐴𝑋]} . (11) 

Additionally, we defined the maximum restorative torque (𝐽𝜃) of the exosuit as the 

maximum assistive torque about a given biological joint that can be generated in the 

direction of the velocity of the generalized coordinate for the given joint of interest, 

calculated as 

 

𝐽𝜃 ≜ {

max(𝑊𝜃(𝑞))

|min(𝑊𝜃(𝑞))|

0

 

𝑖𝑓 𝑞̇𝜃 > 0
𝑖𝑓 𝑞̇𝜃 < 0

𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (12) 

 

3.3.8 RoM and Lumbar Torque Workspace Experiment: Results 
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The resulting RoM results are shown in Table 2. Lumbar flexion RoM increased by 

19.5%, 33.7%, and 6.3% during the SLACK condition and by 33.1%, 39.1%, and 19.2% 

during the EXO ASSIST condition compared to the NO EXO condition for the SYM, 

ASYM90, and ASYM180 techniques, respectively. Additionally, the EXO ASSIST 

condition increased the axial rotation RoM by 0.3° during the ASYM90 technique but 

reduced the axial rotation RoM by 9.4° during the ASYM180 technique compared to the 

NO EXO condition. Similarly, for the EXO ASSIST condition, lateral bending RoM 

increased by 7.7° during the ASYM90 technique but decreased by 3.1° during the 

ASYM180 technique compared to the NO EXO condition. 

Table 2 – Lumbar Range of Motion 

SYM 

 NO EXO SLACK EXO ASSIST 

Flexion / Extension 50.7 ± 5.0° 60.6 ± 3.9° 67.5 ± 4.4° 

Axial Rotation 11.0 ± 2.5° 4.5 ± 0.6° 5.2 ± 1.7° 

Lateral Bending 6.6 ± 3.4° 3.8 ± 2.4° 5.9 ± 4.9° 
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Table 2 – Lumbar Range of Motion Continued 

ASYM90 

 NO EXO SLACK EXO ASSIST 

Flexion / Extension 43.2 ± 3.4° 57.7 ± 1.9° 60.1 ± 1.8° 

Axial Rotation 10.1 ± 1.5° 13.6 ± 1.9° 10.4 ± 2.2° 

Lateral Bending 30.2 ± 2.4° 27.9 ± 2.0° 37.9 ± 1.7° 

ASYM180 

 NO EXO SLACK EXO ASSIST 

Flexion / Extension 50.0 ± 2.4° 53.0 ± 2.4° 59.4 ± 4.2° 

Axial Rotation 29.7 ± 1.8° 29.7 ± 3.1° 20.3 ± 3.7° 

Lateral Bending 48.3 ± 3.2° 38.8 ± 5.4° 45.2 ± 5.0° 

The average lumbosacral extension moment arm of the ABX cables during the 

SYM lift was 6.73 ± 0.06 cm. Similarly, the averaged extension moment arm was 6.74 ± 

0.16 cm and 6.69 ± 0.07 cm during the ASYM90 and ASYM180 lifts, respectively. The 

axial rotation moment arms varied substantially between cables, resulting in average values 

of -0.73 ± 0.05 cm, -0.57 ± 0.06 cm, and -0.5 ± 0.07 cm for the left cable and 0.60 ± 0.04 

cm, 0.84 ± 0.02 cm, and 0.81 ± 0.05 cm for the right cable during the SYM, ASYM90, and 

ASYM180 techniques, respectively. Similarly, the average lateral bending moment arms 
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were 1.68 ± 0.09 cm, 0.33 ± 0.18 cm, and 0.44 ± 0.16 cm for the left cable and -1.45 ± 0.05 

cm, -2.00 ± 0.14 cm, and -1.75 ± 0.08 cm for the right cable during the three lifting 

techniques. 

The effective workspace of the ABX with respect to the lumbosacral joint over the 

kinematic trajectory for each of the three lifting techniques is shown in Figure 10. The 

maximum restorative lumbosacral torque induced by the device varied throughout the lift. 

At the beginning of the lift, the maximum restorative torque was 172.4 ± 4.2 Nm, 165.4 ± 

1.5 Nm, and 163.8 ± 4.2 Nm in extension, 4.1 ± 0.9 Nm, 16.2 ± 0.3 Nm, and 18.3 ± 3.1 

Nm in axial rotation, and 16.4 ± 1.4, 61.6 ± 1.7 Nm, and 63.4 ± 5.1 Nm in lateral bending 

for the SYM, ASYM90, and ASYM180 techniques, respectively. 
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Figure 10 - The averaged assistive workspace of the exosuit, defined as the set of 

torque values the exosuit can induce on a given degree of freedom for a set of 

generalized model coordinates, is shown for each lumbosacral degree of freedom 

(rows) and lifting technique evaluated in our study (columns). The depicted time 

series start at the bottom of the lift and end when the user placed the weighted bag on 

the table. 

3.4 Biomechanics Study 

3.4.1 Overview 

Due to the promising results of the human-exosuit outcomes validation experiment, 

an expanded study was planned and conducted to more fully characterize the 

biomechanical effects of the ABX on users through EMG, motion capture, and 

musculoskeletal modelling through OpenSim [61], [62]. This comprises a larger 
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experimental population of greater human subject variability. Further, we explore a greater 

variety of assistance conditions as well as varied assistance in either cable during 

asymmetric lifting. In this section, the methods, data analysis, and results for EMG 

outcomes of three subjects of this study will be analysed and discussed. 

3.4.2 Methods 

The initial experimental population of the biomechanical evaluation consists of 

three subjects (average age of 22.3 ± 2.1 years, mass of 75.1 ± 14.5 kg, and height of 1.75 

± 0.04 m, right-handed, two males and one female). The protocol was approved by the 

Georgia Institute of Technology Central Institutional Review Board (H19276), and each 

subject provided informed consent prior to completing the experimental protocol. No 

subjects had histories of previous low back injury or musculoskeletal disorders that would 

confound the results of the experiment.  

The subjects lifted a 15.9 kg weighted bag using the same SYM, ASYM90, and 

ASYM180 conditions shown in Figure 8. Additionally, a condition in which the assistive 

force applied to the user is varied between cables (70% assist on left shoulder, 30% on 

right), asymmetric 90° varied (ASYMV90), was evaluated. Each lifting technique 

consisted of lifting the weighted bag from a Bertec force plate next to the subject’s feet and 

placing it on another force plate on a raised platform normalized to subject knee height. 

The experimental setup is shown in Figure 11. The evaluated assistance conditions were 

based on proportions of user bodyweight applied evenly between both actuator cables 

ranging from 10% to 25% in 5% increments as well as the NO EXO condition (five 

conditions total). The ASYMV90 condition was evaluated over the 10% and 20% 



 39 

bodyweight assistances only. The assistance magnitudes were randomized per lift 

technique, while the NO EXO conditions were completed before the subject initially 

equipped the ABX. Each permutation was performed for 7 repetitions. Thus, each full 

experiment consisted of 119 lifts total. A survey using the Borg Rating of Perceived 

Exertion Scale [66] was administered at the end of every lift permutation to judge the user’s 

perception of the assistance magnitudes. On a separate day prior to each experiment, 

subjects participated in a 45-minute training session involving 15 minutes of practicing 

lifts of the SYM, ASYM90, and ASYM180 techniques and 30 minutes of wearing the ABX 

and experiencing the assistance conditions over the techniques. 

Muscle activation data was collected using two Delsys Trigno Quattro Sensors 

(Delsys Incorporated, Natick MA, USA) at 1000Hz. One was placed on the posterior trunk 

with the four leads being placed on the LLES, RLES, LLD, and RLD muscles and the other 

placed on the anterior trunk with three leads on the LEO, REO, and RA groups. The 

electrodes were placed according to SENIAM guidelines [64]. Whole-body motion capture 

data was collected using a 32-camera Vicon motion capture system (Vicon, Oxford, UK) 

at 200 Hz, and retroreflective markers were used to collect kinematic data of the feet, 

shanks, thighs, pelvis, trunk, arms, and hands. Additionally, 6-axis ground reaction force 

data was collected using two Bertec force plates (Bertec, Columbus, Ohio, USA) at 1000 

Hz under each of the subject’s feet. Two other force plates were used to mark the start and 

stop of the lift. At the beginning of every experiment, max voluntary contractions (MVC) 

of the desired muscle groups were obtained using standard techniques [67]–[69]. 
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Figure 11 – Experimental Setup for the Biomechanical Evaluation Experiment. The 

subject, equipped with the ABX and instrumented with retroreflective markers and 

EMG sensors, stands on force plates during all lift permutations. The lift starts when 

the weighted bag leaves the start force plate (next to the user’s feet) and ends when 

the bag touches the end force plate (on the raised platform). 

3.4.3 EMG Data Analysis 

EMG data of each trial were offset by the mean of the signal, filtered using a 

bandpass 30 to 300 Hz zero-lag fifth order Butterworth filter, rectified, and then lowpass 

filtered with a 6 Hz zero-phase fifth order Butterworth filter. The EMG signals were 1) 

windowed between the start (as the weighted bag begins to leave the start force plate) and 
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stop (as soon as the weighted bag contacts the end force plate) of the lift, 2) integrated 

(iEMG), 3) resolved to peak values (pEMG), and 4) averaged over the seven repetitions 

respective of each analysis type. The EMG results are presented as percent change in iEMG 

or pEMG of the different assist conditions relative to the corresponding NO EXO 

conditions. Each subjects’ results are reported individually. The standard deviation of the 

repetitions per assistance magnitude are also shown. 

For subject 2 (SUB2), the LLD group was excluded due to improper EMG capture 

during the experiment. Also, the LEO group during the SYM 25% BW condition was 

averaged over four repetitions instead of seven. For subject 3 (SUB3), the ASYMV90 

condition was not conducted due to experimental time constraints. Also, for SUB3’s RLD 

group, three reps were discarded from the SYM 10% BW condition, two reps were 

discarded from the SYM 15% BW condition, and two reps discarded from the SYM 25% 

BW condition. For the LEO group, one rep was discarded from the SYM 10% BW 

condition and one rep was discarded from the SYM 15% BW condition. All exclusions 

were due to the repetitions having high noise and large motion artifacts corrupting the 

signal. 

3.4.4 Results: Subject 1 

The iEMG results for SUB1 (Subject 1, 91.85 kg, 1.8 m) are shown in Figure 12. 

For the SYM lifts, trunk extensor and flexor muscle activations largely decreased as 

assistance magnitude increased. However, activation increased for the LLES at low 

assistances respective of NO EXO (i.e. +35.9 ± 18.6% for 10% BW, +16.2 ± 17.8 for 15% 

BW, and +10.7 ± 11.1% for 20% BW). Conversely, for the ASYM90 lifts, increasing 
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assistance did not cause decreasing muscle activation except for the RLES group (-15.2 ± 

9.4% for 10% BW,  -19.2 ± 6% for 15% BW, -23 ± 13.3% for 20% BW, and -21.7 ± 5.7% 

for 25% BW). The trunk flexor muscles and LLES generally saw iEMG increases, while 

the LLD and RLD group were largely unaffected as assistance increased. The trunk flexor 

groups experienced decrease in activation in the ASYMV90 condition as assistance 

increased from 10 to 20% especially in the RLES group (-26.1 ± 5.4% for 20% BW). 

Increasing assistance also decreased LLES activation, but activation was increased by both 

magnitudes. Increases were also experienced in the extensor muscles, specifically the LEO 

and RA groups (+2.4 ± 9.8% and +13.4 ± 11.4% for 20% BW respectively). The 

ASYM180 condition induced the overall greatest increase in LLES activation (+75.5 ± 

16.2% for 20% BW), increase in RLD activation (+53.5 ± 13.8% for 10% BW), and 

decrease in RLES activation (-39 ± 5.6% for 25% BW). Also, regarding this condition, 

trunk flexor muscle groups generally increased activation for all assistance conditions 

except for the RA group during 15% BW (-0.7 ± 7.3%). 

The averaged pEMG results for SUB1 are shown in Figure 13. Across lift 

techniques and assistance magnitudes, RLES, LLD, RLD, and LEO muscle groups 

decreased in activation. Specifically for the SYM technique at 25% BW, large pEMG 

reductions were observed for LLES (-24.6 ± 17.3%), RLES (-31.9 ± 10.2%), LLD (-46.3 

± 14.9%), RLD (-45.7 ± 6.4%), LEO (-49.3 ± 8.8% ), RA (-23 ± 11.8%) groups. However, 

the LLES group experienced activation increase at lower assistance magnitudes of 10 and 

15% BW. Under the ASYM90 condition, LLES, REO, and  RA groups all experienced 

activation increases (max at +33.2 ± 35% for 20% BW, +37.7 ± 29.7% for 20% BW, and 

+15.9 ± 39.7 for 25% BW for LLES, REO, and RA respectively). However, the RLES, 
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LLD, RLD, and LEO all experienced large reductions (~35 – 42%) under the 15 and 25% 

BW conditions. The ASYMV90 condition exhibits the most consistent pEMG reduction 

across the muscle groups. Conversely, the ASYM180 technique shows reductions in the 

RLES, LLD, RLD, LEO, and RA groups (~2 – 60% reduction over assistance magnitudes) 

and increases in the LLES and REO groups (~6–38% increase over assistance magnitudes). 
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Figure 12 – SUB1 iEMG Results. 
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Figure 13 – SUB1 pEMG Results. 
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Regarding the Borg scale survey from this subject, perceived exertion decreased 

across each lifting technique as assistance increased (15-16 for NO EXO, 14-15 for 10% 

BW, 13-14 for 15% BW, 13-12 for 20% BW, and 12 for 25% BW). Also, the duration of 

each of the NO EXO lifts (1.4 ± 0.06s for SYM,  1.23 ± 0.5s for ASYM90, and 1.35 ± 0.1s 

for ASYM180) was found to be less than that of the four assistance conditions averaged 

together for each technique (1.52 ± 0.1s for SYM, 1.63 ± 0.07s for ASYM90, 1.74 ± 0.02s 

for ASYMV90, and 1.72 ± 0.1s for ASYM180). 

3.4.5 Results: Subject 2 

The iEMG results for SUB2 (Subject 2, 67.4 kg, 1.7 m) are shown in Figure 14. 

For the SYM condition, the LLES and RLES were slightly affected by assistance (+5.2 ± 

4.7% to -8.3 ± 7%), while RLD experienced large decreases (up -35.6 ± 4.7% at 15% BW). 

At the same time, the LEO and REO groups experienced iEMG increases (up to +18 ± 

11.5% at 20% BW and +26.1 ± 14.6% at 20% BW respectively). During the ASYM90 

technique, the LLES group was largely unaffected, while the RLES group saw iEMG 

increases across assistance magnitudes (up to +18. ± 11% at 15% BW). All other groups 

experienced iEMG reductions. The ASYMV90 technique saw both the LLES and RLES 

groups increase (up to +16.1 ± 9.7% at 10% BW and +28.8 ± 15.9% at 10% BW 

respectively), while all other groups displayed iEMG reduction (-17 to -47%)  except for 

LEO at 10% BW (+5.9 ± 17.3%). Similar results were observed for the ASYM180 

technique as the trunk flexor muscles and RLD showed large iEMG reductions (-25.9 to -

60.5%). The LLES group experienced smaller reductions for the 10%, 15%, and 20% BW 

conditions (-10.5 ± 6.4%, -16.4 ± 7.4%, and -6.2 ± 4.6% respectively), but experienced 
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iEMG increase at 25% (+4.0 ± 9.9%). The RLES group was largely unaffected (± 5 to 9% 

depending on assistance magnitude). 

Shown in Figure 15 are the pEMG results for SUB2. During the SYM technique, 

LLES, RLES, RLD, and RA showed pEMG decrease (-3% to -28%), while LEO and REO 

increase activation (+19% to +40.3%). The ASYM90 condition shows large reductions in 

the RLD, LEO, REO, and RA groups ( -10.1% to -68.7%), while activation increases were 

exhibited in the RLES group (+29.6 ± 26.3% at 25% BW). In the ASYMV90 condition, 

pEMG reductions are shown in all muscle groups except for the RLES group. The same is 

true for the ASYM180 technique in which large decreases were experienced for the RLD, 

LEO, REO, and RA groups (-21.9% to -65.2%) and slight pEMG reductions were 

experienced in the LLES group (-20.4 ± 6% at 15% BW). RLES saw slight activation 

increases (up to +6.9 ± 8.3% at 20% BW). 

For the SUB2 Borg scale survey, the NO EXO conditions were perceived to require 

slightly less exertion (9 on the scale) than the ABX assistance conditions (10-11). 

Regardless of the assistance magnitude, SUB2’s perception of exertion largely remained 

constant. The duration of the NO EXO lifts (1.6 ± 0.1s for SYM, 1.8 ± 0.1s for ASYM90, 

2.1 ± 0.2s for ASYM180) was found to be only slightly less than (if not equal to) that of 

the four assistance conditions averaged together for each technique (2.0 ± 0.1s for SYM, 

1.9 ± 0.1s for ASYM90, 2.1 ± 0.07s for ASYMV90, and 2.1 ± 0.1s for ASYM180). 
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Figure 14 – SUB2 iEMG Results. 
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Figure 15 – SUB2 pEMG Results. 
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3.4.6 Results: Subject 3 

The iEMG results for SUB3 (Subject 3, 67.4 kg, 1.73 m) are shown in Figure 16. 

Regarding the SYM technique, iEMG reductions are shown for both trunk flexor and 

extensor groups (LLES: -35.5 ± 5.2%, RLES: -25.9 ± 8.6%, LLD: -19.3 ± 9.9%, RLD: -

33.8 ± 10.6%, LEO: -8.5 ± 15.3%, REO: -14.7 ± 16.4%, and RA: -28.5 ± 8.4%, all at 20% 

BW assist). Greater magnitude reductions were observed for the ASYM90 condition 

(LLES: -52.7 ± 14.1% at 20% BW, RLES: -30.2 ± 16.4% at 25% BW, LLD -31.3 ± 13.4% 

and RLD: -47.1 ± 6.8% at 15% BW, LEO: -19.2 ± 22.7% at 25% BW, REO: -30.0 ± 12.6% 

and RA: -52.6 ± 4.9%  at 15% BW assist). The trend mostly continues into the ASYM180 

condition, however the iEMG of the LLES and RLES groups are reduced to a lesser extent, 

and the LEO group increases activation at 25% BW (+9.2 ± 22.7%). 

Next, the pEMG results for SUB3 are displayed in Figure 17. In symmetric lifting, 

pEMG activation increases are observed for the RLD (+16.2 ± 69.9% for 10% BW and 

+58.8 ± 24.8% for 15% BW) and LEO groups (+27.8 ± 40.6% for 20% BW and +24.6 ± 

47.9% for 25% BW). Because the iEMG data does not reflect this, these high peak EMG 

values could be due to noise and motion artifacts. The REO group was mostly unaffected, 

while all other muscle groups’ activations (LLES: -44.5 ± 10.2% and RLES: -37.3 ± 13.1% 

at 20% BW, LLD: -38.5 ± 5.7% at 15% BW, and RA: -52.1 ± 3.9% at 20% BW) are largely 

decreased. In the ASYM90 condition, the pEMG of all muscle groups are reduced except 

for RLES at 15% BW (+5.1 ± 31.3%). The same holds true for the ASYM180 condition, 

except the pEMG of LLES at 10 and 20% BW are both increased (+8 ± 20.9% and +0.1 ± 

15.2% respectively). 
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Figure 16 – SUB3 iEMG Results. 
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Figure 17 – SUB3 pEMG Results. 

The Borg survey results for SUB3 show that all NO EXO conditions were rated as 

11 (fairly light work). As assistance was applied, the lifts were perceived as slightly more 

strenuous (12) then progressively less strenuous as assistance application increased to 25% 

BW (10-11). Therefore. there was no significant change in the user’s perception of the 

work regardless of assistance magnitude. The duration of the NO EXO lifts (1.8 ± 0.1s for 

SYM, 1.9 ± 0.3s for ASYM90, 1.8 ± 0.1s for ASYM180) was found to be very close to 
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that of the three assistance conditions averaged together for each technique (1.9 ± 0.1s for 

SYM, 1.8 ± 0.1s for ASYM90, and 1.7 ± 0.1s for ASYM180), resulting in, at most, a 0.1s 

difference between each respective technique. 
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CHAPTER 4. DISCUSSION AND CONCLUSION 

4.1 Human Exosuit Outcomes  

This thesis presented the design, realization, and human-subject validation of the 

ABX, an active, cable-driven back assistive device designed for realistic lifting conditions. 

We designed the ABX to provide active assistance across all DoFs of the lumbar spine 

while preserving the user’s original range of motion during symmetric and asymmetric 

lifting.  

From the human-exosuit outcomes experiment, we show that the ABX can decrease 

lumbar erector spinae rEMG ranging from 9.7% to 45.3% on average across bag weights 

and lifting techniques without coactivation for torso flexors. We also show that the 

reductions in lumbar muscle activation during symmetric lifting are comparable to those 

reported in previous active back exoskeleton studies (~25 to 40% in previous studies) [37]–

[40], outperforming the results of passive exosuits (~14 to 29%) [29]–[31] due to the net 

positive work provided by the ABX. This result demonstrates that the flexible, cable-driven 

actuation of the ABX maintains lumbar assistance benefits compared to previous rigid 

exoskeletons. Further, the flexible nature of the ABX allowed our study to expand the 

investigation of active lumbar assistance effects on asymmetric lifting with up to 180° of 

rotation, which previous active devices restrict the user from performing. During the 

ASYM90 and ASYM180 techniques, the ABX reduced lumbar erector spinae muscle 

activation by an average of 15.6% and 14.1%, respectively. These results are slightly lower 

in magnitude than passive exosuit results in the literature (24 to 30%)  [31], [34]; however, 

this is likely due to differences in the specific lifting conditions, making direct comparisons 
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challenging. Regardless, the results of the study show that the ABX provides benefits in 

lumbar muscle activation during symmetric lifting comparable to state-of-the-art active 

exoskeletons but generalizes those benefits beyond the operational workspace of these 

prior devices. 

To characterize the assistance torque delivered to the lumbosacral joint by the 

exosuit, we adapted a previously validated OpenSim model to include the ABX cables as 

musculotendon actuators. From this model, we computed the effective moment arms and 

assistance torque workspace achieved by our device during the three lifting techniques. 

Interestingly, the average extension moment arm ranged from 6.69 cm to 6.74 cm among 

the lifting techniques with little variance throughout the lift (Fig. 8). This demonstrates that 

the lumbosacral extension moment arm of the exosuit remained mostly constant through a 

wide range of lifting asymmetry, which validates the constant extension moment arm 

assumption common to previous back assistive devices in the literature [30], [52], [53]. 

Additionally, the resulting lumbosacral extension moment arms of our OpenSim analysis 

were smaller than originally assumed; however, they are approximately 50% larger than 

the moment arms of the erector spinae muscles reported in comparable musculoskeletal 

models [63], [70], demonstrating the increased mechanical advantage of the ABX 

compared to the human musculoskeletal system with respect to the lumbosacral joint. 

Using these computed moment arm trajectories and the peak force of our actuators, 

we computed the assistive torque workspace of each lumbosacral rotational DoF (Fig. 8). 

Though we implemented a control reference signal of constant force regardless of lift 

technique, trunk extension, and bag weight to validate the ABX in this study, future 

research will include using these workspaces to design optimized assistance trajectories as 
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influenced by changes in lumbosacral joint demands across varying tasks. Additionally, 

we quantified the maximum restorative torque at each lumbosacral DoF using the assistive 

torque workspaces. The maximum extension assistance of our device is substantially larger 

than previous active back exosuits (Table 1), providing the potential to explore novel 

magnitudes of actuator assistance, especially given the likely need for increased assistance 

with increased biological joint demand from varying conditions (i.e., changes in object 

weight).  

We also quantified the user’s lumbar RoM during the three investigated lifting 

techniques in this study to validate that the ABX did not limit the user’s lumbar RoM. The 

largest reduction in lumbar RoM of 9.4° between the EXO ASSIST and EXO OFF 

condition occurred in axial rotation during the ASYM180 technique. Interestingly, this 

reduction in axial rotation did not occur during the SLACK condition, suggesting that this 

reduction in RoM was likely caused by the user’s acceptance of the device assistance, not 

from restrictions caused by wearing the device itself. The RoM experiment did not result 

in other evidence that the ABX reduced lumbar RoM during symmetric or asymmetric 

lifting techniques. 

4.2 Biomechanics Experiment – Early EMG results 

Following the promising results from the initial study, we show integrated EMG and 

peak EMG data of three subjects (SUB1, SUB2, SUB3) from the large-scale biomechanics 

study. While SUB1 experienced considerable iEMG decrease in SYM lifting, the ASYM 

conditions proved more variable. Further, observing the pEMG from SUB1 shows more 

consistency in activation decrease. Across the board, only the RLES muscle group showed 
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consistent pEMG or iEMG decrease. SUB1 lifted the fastest out of the three subjects and 

perceived the most benefit from the device (through Borg Perceived Exertion [66]). SUB2 

experienced mostly consistent pEMG and iEMG activation decreases of the LLD and torso 

flexor muscles, but the lower lumbar muscles rarely experienced considerable activation 

decrease. SUB2 lifted slower than SUB1 and perceived the nearly the same exertion level 

with or without the ABX. SUB3 had the most consistent large decreases of all muscle 

groups throughout pEMG and iEMG analysis. SUB3 lifted at around the same speed as 

SUB2 during the NO EXO conditions, but was slightly faster during assistance. SUB3 also 

perceived little-to-no change in exertion when using the ABX.  

From these results, it can be indicated that there is variability in the operation of the 

ABX across users of differing anatomy. For example, SUB1, being taller and heavier than 

both SUB2 and SUB3, might require different force application methods to assist the trunk 

extensor and flexor muscles more effectively. However, even though SUB2 and SUB3 

were of similar height, weight, and build, their results are markedly different. It could be 

that, overall, more training and practice with the suit is necessary to fully accept assistance 

from the ABX regardless of anatomy. Following this, more complex control methods could 

also be explored to optimize force application to users. Biological EMG activation profiles 

or joint torque profiles could be implemented to assist the user more naturally instead of 

through simple ramp inputs. Thankfully, this work has been initially explored with the 

biological torque workspace (Figure 10).  

The preliminary results from the biomechanics experiment show that the ABX can 

reduce trunk flexor and extensor pEMG and iEMG activation during symmetric and 

asymmetric lifting. Moreover, the original hypothesis, the ABX is able to reduce risk 
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factors of LBP in symmetric and asymmetric lifting, is initially supported by the EMG and 

biomechanics results from the human-exosuit outcomes experiment and the initial EMG 

results from the biomechanics study. However, more insight for this hypothesis will be 

obtained through full biomechanical analysis of the full subject cohort with determining 

muscle forces and joint loading of the L5/S1 during lifting using OpenSim [61], [62] and 

CEINMS [71].  

4.3 Limitations 

There are a few limitations in the design that should be considered for improving the 

usefulness of the ABX. One limitation is that, based on our OpenSim model, the exosuit 

cables have a smaller extension moment arm than other devices that use similar actuation 

methods (e.g., Abdoli et al. reported an extension moment arm of 22 cm using a glute plate 

[34]). It is likely that the mechanical advantage relative to the trunk extensor muscle groups 

of our device can also be increased using similar geometric structures. Regardless, the ABX 

still causes substantial reduction in trunk extensor EMG with the current geometry. 

Another limitation of our device is that multiple users reported that the actuators were 

heavy on the thighs and resulted in discomfort near the end of the experimental protocol. 

The design choice to mount the actuators on the user’s thighs was made to reduce exosuit 

weight bared on the lumbar spine and to minimize friction in cable routing; however, the 

actuator placement can be reconsidered in future modifications to improve comfort. 

Finally, given that the maximum actuation force of the ABX is likely above the user’s 

comfort limit [72], the actuator assistance capability and weight can likely be reduced. 
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Our studies also included experimental limitations. All experiments showcased in 

this thesis consisted of small subject counts (N=3 or N=1) making it difficult to conclude 

significance of results. Additionally, the evaluation of human-subject lumbar benefit was 

limited to muscle activation results based on trunk EMG. Though this approach has been 

the standard for evaluating back assistive devices, it does not provide direct insight into the 

effect the ABX has on known LBP risk factors, such as compressive and shear loading in 

the lumbar joints [73]. Again, this will be explored with biomechanical analysis of the 

results from the full biomechanics study dataset. 

4.4 Conclusion 

The ABX was designed to provide powered assistance to users in symmetric and 

asymmetric lifting while staying lightweight and unobtrusive. Early validation studies 

show that the ABX is effective in this regard by reducing the activation of trunk extensor 

muscles tied to development of LBP [11], maintaining user range of motion, and providing 

assistive torque over the 3 DoFs of the lumbar spine. This is further evaluated in a larger 

scale biomechanical analysis of the ABX for which initial pEMG and iEMG reductions for 

trunk extensor and flexor muscles are observed. While there is variability in the 

effectiveness of assistance per subject, the ABX can reduce trunk EMG activation in SYM 

and ASYM conditions, partially validating the original hypothesis. Because the ABX is an 

adaptable device, multiple new avenues of control can be explored to improve device 

operation and assistance application to all possible users.  
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