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Abstract

mTPAD: A Novel, Overground Cable-Driven Robotic Gait Trainer

Danielle Marie Stramel

Overground walking is a complex motor task requiring lower limb coordination. Many of

us take efficient gait for granted; however, for those with impaired walking ability, ease of

activities of daily life and even the overall quality of life can be affected. For individuals with

difficulty ambulating, gait therapy can attempt to strengthen muscles, improve coordination, and

train reactive control to improve walking abilities. However, traditional gait therapy can be taxing

for physical therapists and does not allow the application of time-specific, timed forces on body

segments or joints. Therefore, there has been a push to motivate and design robotic gait training

devices that can augment physical therapy to improve the impact of gait therapy on individuals

with gait deficits.

Robotic gait trainers vary widely in architecture and control methods. They can be designed

to actuate a single joint motion, e.g., knee flexion and extension, or to articulate the entire lower

limb. They can apply forces or torques on a single body segment, including the most distal

segment, the foot. Alternatively, they can prescribe a trajectory for all body segments. Robotic

gait trainers can be assistive, i.e., apply forces or torques in the direction of the intended motion to

augment user effort. They can also be rehabilitative, i.e., resist the planned movement to increase

user effort. Many robotic exoskeletal structures are constructed using rigid members that may

alter the user’s gait due to the added inertia and restrict lower limb motion to a single plane. For

robotic gait trainers that focus on articulating the pelvis during walking, most only actuate a



limited number of degrees of freedom of the pelvis. However, the pelvis is the intermediate

segment between the lower limbs and the torso and has a complex motion during overground

ambulation. Instead of restricting the movement of the pelvis, by applying external forces on the

pelvis during walking, we can study how that affects lower limb motion and the motion of the

pelvis together. There exists a need for a robotic platform that can articulate the complex

movement of the pelvis during overground walking, which also doesn’t alter the user’s gait by

constraining lower limb motion or restricting pelvic degrees of freedom.

We created the mobile Tethered Pelvic Assist Device (mTPAD) to address this crucial need.

The mTPAD has complete control over the degrees of freedom of the pelvis and can apply timed,

three-dimensional forces and moments to the pelvis while the user walks overground. By

implementing a forward kinematics-based pelvic localization, the mTPAD does not rely on

external motion capture systems and is, therefore, fully portable. We validated this novel

controller in a group of healthy adults. When applying a constant pelvic loading, a downward

force of 10% body weight, the mean ground reaction force increased by 8�2 � 7�7% when the

individual holds the walker frame and 11�1 � 7�8% when no hand contact is made. We also

investigated the transparency of the mTPAD, and our results showed that walking in mTPAD in a

zero-force mode was not significantly different from baseline treadmill walking for all recorded

peak muscle activations and gait parameters, highlighting the mTPAD’s transparency. Constant

forces and zero-forces were explored in a static setting, and we investigated a timed, frontal plane

moment during overground walking. We applied frontal plane moments corresponding to 10% of

the user’s body weight with a moment arm of half their pelvic width. The frontal plane moments

significantly increased the range of frontal plane pelvic angles from 2.6° to 9.9° and the sagittal

and transverse planes from 4.6° to 10.1° and 3.0° to 8.3°, respectively. The frontal plane moments

also significantly increased the activation of the left gluteus medius muscle, which assists in

regulating pelvic obliquity. The right gluteus medius muscle activation did not differ substantially

when we applied frontal plane moments. This work highlights the ability of the mobile Tethered

Pelvic Assist Device to apply a continuous pelvic moment that is synchronized with the user’s



gait cycle.

We also investigated the effects of mTPAD on two patient populations here, the first being

stroke survivors. Stroke is a leading cause of disability, impairing the mobility of survivors.

Stroke survivors are limited in their ability to load their affected limbs and generate propulsive

forces, showing significant lateral gait asymmetry. We aim to improve stroke survivors’ gaits by

promoting weight-bearing during affected limb stance. External forces can encourage this; e.g.,

vertical forces can augment the gravitational force requiring higher ground reaction forces, or

lateral forces can shift the center of mass over the stance foot, altering the lateral placement of the

center of pressure. These force paradigms require the real-time overground gait cycle and the

ability to apply forces on the pelvis in different directions without restricting natural movement.

With our novel design of a mobile Tethered Pelvic Assist Device (mTPAD), paired with the

DeepSole system to predict the user’s gait cycle percentage, we demonstrate how to apply

three-dimensional forces on the pelvis without lower limb constraints. This is the first result in the

literature that shows that with an applied lateral force during affected limb stance, the center of

pressure trajectory’s lateral symmetry is significantly closer to a 0% symmetry (5�5%) than

without external force applied (�9�8%� ? � 0�05). The affected limb’s maximum relative pressure

significantly increases from 233.7 to 234.1 (? � 0�05) with an applied downward force,

increasing affected limb loading. This work highlights how mTPAD’s capability to apply

customizable forces to the user’s pelvis can increase weight-bearing and propulsive forces during

overground gait, a crucial goal for stroke survivors.

The second patient population we investigated with mTPAD is children with Cerebral Palsy.

We applied three different force and moment profiles to a group of children with cerebral palsy to

illustrate how the mTPAD can alter their ground reaction forces. Using these pelvic forces while

the pediatric participant with CP walks overground, we can study the effects of these forces on

specific aspects of the GRF, e.g., the underfoot pressure and the COP trajectory. We aim to

improve the children’s gaits by promoting weight-bearing during affected limb stance for the

individual with hemiplegia, and the nondominant limb for the individual with diplegia. External



forces can encourage this; e.g., vertical force components can augment the gravitational force

requiring higher ground reaction forces, or lateral force components and frontal plane moments

can shift the center of mass over the stance foot, altering the lateral placement of the center of

pressure. This is the first result in the literature that shows that with an applied diagonal force, the

center of pressure trajectory’s lateral symmetry is significantly closer to a 0% symmetry (29�1%)

than without external force applied (46�6%� ? � 0�05). There is also a significant reduction when

a frontal plane moment is applied (37�2%� ? � 0�005). By illustrating that the mTPAD can alter

the overground gait of participants with CP in a single session, this work emphasizes mTPAD’s

potential as an overground gait training device that customizes force applications to the user’s

specific gait and gait needs.

This work highlights the efficacy of the mTPAD in applying timed three-dimensional forces

and moments to the pelvis during overground gait. By understanding the effects of mTPAD on the

overground gait of individuals with gait deficiencies, we can motivate gait training interventions

to target their personalized needs. The mTPAD device is the first overground gait training robotic

device to apply three-dimensional forces and moments to the pelvis that are synchronized with the

user’s gait. The mTPAD can alter the ground reaction forces of individuals with irregular gaits,

illustrating the feasibility of the mTPAD as an overground gait training device. The mTPAD has

the potential to personalize the forces and moments applied to the pelvis based on an individual’s

specific gait needs, revolutionizing the way robotic gait trainers are used to improve gait.
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Preface

The following work presents a novel, overground robotic gait trainer: the mobile Tethered

Pelvic Assist Device, or mTPAD. The mTPAD is a parallel, cable-driven platform that can apply

three-dimensional forces and moments to the user's pelvis as they walk overground. These forces

and moments applied to the pelvis can be timed to the user's gait and motivated through gait de�cits

to target speci�c motions or adaptations.

An overview of both traditional and robotic gait training is introduced in Chapter 1. The state-

of-the-art pelvic robotic gait trainers are discussed, and the need for an overground device that can

apply timed forces and moments to the pelvis is highlighted.

The design of the mTPAD is covered in Chapter 2. The mechanical structure and the novel

controller are discussed and validated through experiments with human participants. The mTPAD

device is evaluated on its transparency, accuracy of pelvic localization, and ability to apply speci�c

forces.

Chapter 3 illustrates a continuous moment applied to the pelvis and synchronized with the

user's gait cycle. The controller is evaluated on its accuracy and ability to alter pelvic kinematics

and muscle activations in a group of neurotypical adults.

Chapters 4 and 5 highlight the mTPAD's ability to alter gait characteristics and muscle re-

sponses of two groups that exhibit gait de�cits: stroke survivors and children with Cerebral Palsy.

By evaluating the effects of different force and moment pro�les on individuals who may bene�t

from gait training, this work aims to illustrate the mTPAD's potential as an overground gait training

tool.
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Chapter 1: Introduction and Background

1.1 Overground Gait and the Role of the Pelvis

Human locomotion is inherently unstable, requiring constant motor correction and coordination

[1, 2]. The trajectory of the swing foot involves the coordination of all joints in both the swing

and stance legs [3]. Thus, overground walking is a complex task with many degrees of freedom

(DOFs) [4, 1]. The pelvis plays an essential role in overground ambulation as it is the intermediate

segment between the torso and the lower limbs. Not only do the muscles proximal to the pelvis

assist in regulating the center of mass during gait, but the hip musculature, including the gluteus

medius muscles, provide frontal plane stability for the pelvis during walking and single stance [5,

6, 7, 8, 9]. Therefore, hip muscle coordination and strength are critical for maintaining balance

while walking overground.

An individual's ability to ambulate independently directly impacts their quality of life [10].

Improving an individual's coordination and strength at the pelvic level could positively affect their

gait for those with atypical or irregular gait patterns. For stroke survivors, lateral pelvic tilt while

standing is highly correlated with weight-bearing asymmetry [11]. For children with diplegic cere-

bral palsy (CP), Kirkwood et al. showed that individuals with gross motor function classi�cation

system (GMFCS) level II had signi�cantly reduced pelvic obliquity than the level I, highlight-

ing the need for frontal plane rehabilitation strategies for those individuals [12]. For individuals

with hip osteoarthritis (OA), in-phase and anti-phase coordination rates between the lumbar and

pelvic segments are altered [13], and decreased range of motion and pelvic obliquity asymmetry

are present [14]. While these works show that multiple patient populations exhibit reduced pelvic

obliquity, more work is needed to study whether correcting this improves functional movement.
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1.2 Gait Training

For many individuals with gait de�cits, gait therapy is critical to their standard of care. Strength-

ening the hip musculature and improving pelvis-trunk-lower limb coordination could bene�t these

individuals. This can take many forms, including treadmill-based gait training [15, 16, 17, 18],

hippotherapy [19], virtual reality training [20], dance therapy [21], or strength training [22]. Each

of these forms has different speci�c aims, like improving coordination [23], training reactive con-

trol [24], or strengthening speci�c muscles [25, 26] to improve the high-level gait de�cit. Some

of these forms of gait therapy require multiple physical therapists if they train complex, multi-

segment movements. These physical requirements could be taxing for the physical therapists [27]

and don't allow for measurable nor repeatable forces or motions to be applied to speci�c joints or

segments. Therefore, in the past years, engineers and scientists have worked alongside physical

therapists to motivate robotic gait training devices to assist and supplement gait therapy provided

by physical therapists.

1.3 Robotic Gait Training

Introducing robotic devices for gait training allows us to explore the scienti�c application of

forces, trajectories, and prescribed variability to various motions to magnify the potential of gait

training. Robotic gait training devices are designed with speci�c gait training goals in mind and

thus vary signi�cantly in architecture design [28] and control implementation [29].

Robotic gait training devices have been shown to improve gait [30], including gait velocity [31,

32] and step length [33]. Special consideration has to be taken to ensure that these devices, which

intend to assist the user, do not interfere with or constrain the user's natural motion. Added inertia

can cause machine-induced gait adaptations [34, 35], joint misalignment [36], and implemented

control methods [37]. Therefore, it is essential to evaluate the effects of the gait training device

itself before applying forces and torques.

Recently, various rehabilitation and gait training robotic devices have been used to study motor
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adaptation with promising results. Many devices, such as the Lokomat and LOPES, are treadmill-

based systems coupled with 2 or 3 DOF leg exoskeletons. However, these devices �x the rotation

of the pelvis [38] or lock other DOFs [39], affecting the user's kinematics and constraining their

natural movement. Also, the effects of treadmill training may not always translate to overground

walking, as the treadmill and overground gaits are different [40].

Other devices, such as the CPWalker and the WalkTrainer, assist with overground gait. How-

ever, the CPWalker limits pelvic motion and propulsion during overground walking [41]. The

WalkTrainer does not restrict lower limb movement, but the pelvis is �xed to a large and rigid

frame that follows the user posteriorly [42]. This added inertia may negatively affect human dy-

namics, as a robot adding more than 6 kg of mass to the user's pelvis can signi�cantly alter their

gait [43].

Cable-driven robotic platforms minimize this inertial effect on the dynamics of the user. Vari-

ous parallel cable platforms exist, mainly implementing body weight suspension, like the Zero-G

and FLOAT. The FLOAT uses an overheard, parallel architecture to provide 3-dimensional forces

with a nonzero upward component [44]. Cable-driven robotic gait trainers (CDRGT) are bene�cial

because the cables' low weight and �exibility limit the additional inertia added to the user and the

misalignment [45, 46]. The transparency of some CDRGTs has been proven in that they do not al-

ter the user's gait velocity [47], step length [48], or pelvic range of motion (ROM) [43]. However,

some CDRGTs do alter gait parameters, like step length [34] or ankle dorsi�exion [49], even when

compensating for additional mass.

1.4 Existing Pelvic Overground Gait Trainers

Each robotic gait training device's architecture allows control of one or more speci�c joints;

not all devices are designed to enable or control pelvic motion. The pelvis has six DOFs, three

translational and three rotational, and many devices have been used to control and study pelvic

motion. Some devices, like the treadmill-based MUCDA and overground RAPBT, focus only on

managing the translational movement of the pelvis [50, 51]. Other devices, like the footplate-
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based Healbot T and the overground BAR, control only the DOFs in the horizontal plane, i.e.,

the anteroposterior and mediolateral translation of the pelvis and the horizontal rotation [52, 53].

Mun et al.'s overground robotic walker for pelvic motion support [54] controls pelvic translations

and horizontal rotation while passively allowing pelvic tilt and obliquity. The treadmill-based

PAM achieves all DOF except the anteroposterior tilt, and so do both overground NatureGaits and

AssistOn-Gait systems [55, 56, 57]. The treadmill-based TPAD achieves complete control over

the six DOFs [58]. Many of these devices utilize an architecture comprised of two articulated end

effectors at the lateral pelvic extremes, like the treadmill-based ALTACRO [59] and the overground

PA [60]. While various combinations of DOFs can allow the study of complex pelvic motions,

some robotic devices solely focus on activating the frontal pelvic obliquity, like the treadmill-

based RGR Trainer [61] and the soft exoskeletal HAA [62]. Once a robotic device's active and

passive DOFs have been established, we must implement a complementary control to assist or train

gait movements.

Whether a device is assistive or rehabilitative depends on how it interacts with an individual.

For example, in the exoskeletal HAA, a torque is applied to assist the hip abductor, as this torque is

applied in parallel to the wearer's hip abductor muscles [62]. However, a force or moment can be

used in opposition to the corresponding musculature to resist and potentially rehabilitate a weaker

muscle. This was the methodology of our TPAD work by Kang et al., which applied a downward

force on the pelvis, leading to an increase in soleus muscle peaks after training [63]. Some robotic

platforms can be both, depending on the workspace of applicable forces and moments and the

direction or timing of the applied pelvic forces. Information about the user's gait is required to

tailor these assistive or rehabilitative forces.

To target and train coordination of the pelvis, robotic devices can be articulated to control

speci�c pelvic motions. Knowing where the individual is within their gait cycle is also imperative,

as the prescribed motions or forces should change with gait progression. How the gait cycle is

used within the control of a robotic device can be discrete [64, 65, 66] or continuous [67, 61].

The gait cycle is broken down into sections for many discrete applications, like stance, swing,
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pre-swing, etc., and different loadings or motions are prescribed. Finite state machines (FSM)

use inertial measurement units (IMU) [65] or load cell [64] data to determine the present gait

phase. For a more continuous force or movement pro�le, a continuous estimation of the gait cycle

percentage can be output from a normalized state space and a reference trajectory [61] or a machine

learning algorithm in real-time [67]. These real-time gait cycle segmentation methods, coupled

with the articulation of control of pelvic motion, advance the ability to train speci�c movements

and muscles.

1.5 Need for a portable robotic gait trainer that can tailor applied forces to the user

This work proposes a fully contained, portable device that no longer relies on a motion cap-

ture system for pelvic localization. Instead, this cable-driven gait training device uses a geometric

forward kinematics approach to locate the user within the frame. Removing the external mo-

tion capture system and tension sensors also removes the feedback component, so an open-loop

controller is implemented here. We evaluate the pelvic localization and open-loop controller by

prescribing a constant downward force to healthy adults while treadmill walking. It is essential to

validate the device controller before evaluating any effects experienced during overground walk-

ing. This mobile tethered pelvic assist device (mTPAD) controller validation opens the door to

studying various training paradigms in an overground setting.

There is also a need to understand the changes to the gait parameters and lower limb muscle

responses using the device in a transparent mode and when holding the frame of the mTPAD. This

knowledge could shed light on the behavioral changes caused by walking in a portable, cable-

driven robotic device and any other self-propelled robotic gait trainer in the future. Therefore, this

work also investigates the effects of walking with the mTPAD, both with and without holding its

frame. Lower limb and arm muscle responses and spatiotemporal gait characteristics are evaluated

while the participants walk with the mTPAD with zero vertical force. This characterization of

the gait and muscle responses to using the mTPAD and holding the mTPAD frame is critical to

isolating the effects of mTPAD in transparent mode and holding the device frame during gait.
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Therefore, when implementing nonzero force control strategies, we can separate the impact of

speci�c forces.

Once the mTPAD has been designed and evaluated, this work shows that it can apply variable

pelvic forces and moments synchronized with the user's gait in real time, the �rst robotic gait

trainer to do so. The direction, magnitude, and duration of the forces and moments applied to the

waist can be controlled. The �exibility of applied pelvic forces allows the mTPAD device to be

either assistive or rehabilitative, depending on the selected force and moment scheme. Here, an

assistive moment is evaluated, as the moment applied is in the opposite direction of the moment

created by gravity force acting at the center of mass about the stance leg hip joint. This moment

strategy is evaluated as it may be bene�cial for individuals with hip drop in the future - but we must

�rst assess this for controller ef�cacy. The controller for this device uses the predicted gait cycle

percentage of the user in real-time to determine the pelvis's applied force and moment pro�le. The

gait cycle percentage is predicted by the DeepSole system, a pair of instrumented insoles, and a

machine learning algorithm developed by our lab. By combining the mTPAD platform and the

DeepSole system [67], we can apply a frontal plane moment to the individual's pelvis in real-time

while ambulating overground. Many force pro�les could be implemented on one or more DOFs

using the mTPAD, but we will �rst look at altering frontal plane pelvic rotation in this work. In

this way, we can highlight one of the many possible control schemes, a control scheme that we

could use in the future to target a speci�c gait need that affects many individuals with weak hip

musculature.

Finally, the mTPAD's ability to alter the ground reaction forces of stroke survivors and chil-

dren with cerebral palsy during overground gait is illustrated. Individuals in both patient groups

have decreased ground reaction forces during overground gait. By highlighting the mTPAD's abil-

ity to increase the ground reaction force and reduce asymmetry, the mTPAD is introduced as the

�rst overground robotic gait trainer that can apply gait-synchronized three-dimensional forces and

moments to the pelvis that can change pelvic kinematics, increase muscle activation, and improve

ground reaction forces in healthy individuals and multiple patient populations. This work demon-
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strates the mTPAD's potential to change the way overground robotic gait training is done.
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Chapter 2: Mobile Tethered Pelvic Assist Device (mTPAD) for Overground

Gait Training

Training and improving overground ambulation is critical for many individuals with gait de�cits.

Robotic gait training devices that allow overground walking vary in architecture and controllable

degrees of freedom. However, there is a critical need for an overground gait training robotic device

that doesn't restrict nor constrain the user's lower limb motion and has the �exibility to control all

six degrees of freedom of the pelvis. In this chapter, a solution to this research gap is proposed, a

portable, overground gait training device with complete control over the movement of the pelvis,

the mobile Tethered Pelvic Assist Device, the mTPAD. The mTPAD structure and controller de-

sign are discussed, and two participant-based experiments are detailed to highlight the controller's

accuracy and overall device transparency.

2.1 mTPAD Design

The mTPAD, shown in Fig. 2.1, is built using NIMBO, a pediatric posterior rollator (Inspired

by Drive, California). This portable frame weighs about 6 kg, supports individuals up to 87 kg, is

collapsible, and accommodates handle heights between 71 and 91 cm and pelvic widths up to 42

cm.

Seven cable sub-assemblies are mounted directly to the lower horizontal bars on the NIMBO

frame to create the parallel, cable-driven architecture, shown in Fig. 2.1. Each cable sub-assembly

includes a coreless XM430-W350-R Dynamixel servo motor (ROBOTIS, Seoul, South Korea), an

8 cm diameter cable spool, and a custom motor housing structure. Each motor is rated for an output

of 2.9 Nm. This output, combined with a cable spool with a radius of 4 cm, maximizes the force

per cable at nearly 70 N.
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An adjustable waist belt acts as the end effector for this parallel platform. Each of the seven

cable sub-assemblies routes a cable from the motor to the waist belt. The mTPAD is controlled

using a custom LabView script on a myRIO1900 (National Instruments, Texas).

2.1.1 Controller Design

The novel control of this device utilizes an open-loop strategy which removes the need for

external localization and sensing. The high-level controller uses geometric forward kinematics

and a cable tension planner and is outlined in Fig. 2.2. All computations are executed on the

myRIO, and the high-level controller is run at 10 Hz, �ve times the average walking speed of a

healthy adult [68].

Forward Kinematics

In the mTPAD, a speci�c cable routing con�guration is selected, so the cables do not interfere

with the user's lower limbs, and a geometric solution for the pelvis center is attainable. We set

this con�guration for two reasons: (i) to allow for a closed-form solution of the system's forward

kinematics and (ii ) to approximate the user's pelvic center during gait. Given the encoder angles of

the seven motors, the forward kinematics method outputs the position and orientation of the pelvis

with respect to the walker frame.

The geometric solution is possible due to the 2-3-2 cable con�guration. Of the seven cables

routing from the motors to the pelvic belt, two cables route to belt locations placed at two anterior

points, representing each iliac crest of the pelvis, and three cables route to a posterior midpoint,

representing the sacrum. These three belt attachment points are used to create a local frame, shown

in Fig. 2.3.

Knowing the present angle of the seven motors, we can calculate the cable lengths as

;8 =
\ 8 � 3B?

2
¸ ;08 (2.1)
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Figure 2.1: Schematic of mTPAD and motor subassemblies. Motors and pulleys route cables from
the rollator frame to a pelvic belt worn by the user. The custom motor housings were 3D-printed
using Acrylonitrile Butadiene Styrene (ABS) plastic. We can rotate the pulley to allow different
exit directions for the cable, minimizing friction and the chances of the cable unseating.
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Figure 2.2: Open-loop high-level controller diagram. Motor angles are read and used to calculate
cable lengths. The controller utilizes geometric forward kinematics and a targeted wrench pro�le
on the pelvis to optimize cable tensions. These tension values are mapped to the goal current for
each motor and commanded to the motors using data packets and an RS-485 serial interface. Each
motor has an internal PID controller to minimize the error in the output current value.
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Figure 2.3: Local Pelvic Frame created using the left and right iliac crests and the sacrum for pelvic
landmarks.
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where;8 is the present length of the8C�cable,\ 8 is the present motor angle of the8C�motor,3B?is the

�xed diameter of the cable spools, and;08 is the �xed initial cable length at\ 8 = 0 for 8= 1–2– •••–7.

Using the three cable lengths routing to the posterior attachment point (cables 3, 4, and 5), we

can construct three spheres and determine their two unique intersection points using trilateration.

The mathematics used to determine the two possible posterior intersection points begins with

;82 = ¹G? � G8º2 ¸ ¹ H? � H8º2 ¸ ¹ I ? � I 8º2 (2.2)

where¹G8– H8– I8º is the �xed cable exit point of the8C� cable in the local walker frame for8= 3 to 5,

and¹G?– H?– I?º are the coordinates for the shared posterior pelvic belt attachment point. The three

cable exit points for cables3 to 5 are not colinear, so the intersection of these three spheres provides

two unique intersection points [69]. The healthy adult's pelvic translational movement during

treadmill locomotion is less than 6 cm in the lateral, vertical, and anterior-posterior directions [70].

Therefore, one of the two unique points falls outside the workspace, leaving only one feasible

solution for the posterior attachment point.

Once the posterior belt point has been located, we can �nd the two anterior belt points. Similar

to the location of the rear point, and without loss of generality, we can �nd the left belt point with

; 9
2 = ¹G; � G9º2 ¸ ¹ H; � H9º2 ¸ ¹ I ; � I 9º2 (2.3)

where; 9
2 is cable length for9 = 1 to 2, ; 9

2 is the magnitude of the static vector from the sacrum

point to the left iliac crest point for9= 3, ¹G;– H;– I;º are the coordinates for the shared left pelvic

belt attachment point, and¹G9– H9– I9º is the �xed cable exit point of the9C�cable in the local walker

frame for 9= 1 to 2, and the previously determined belt attachment point¹G?– H?– I?º for 9= 3.

Cable Tension Planner

Once the pelvic belt is localized with respect to the walker frame, a target force-moment pro�le

on the pelvis allows the individual cable tensions to be determined. The relationship between the
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joint torques and the resultant force-moment pro�le about the pelvic center is dictated by the

system geometry and given by

�) = � (2.4)

where� is a6 � 7 Jacobian matrix constructed using the coordinates of the cable exit points on the

walker frame and the cable attachment points on the pelvic belt,) is a7 � 1 vector of the tension

in each of the seven cables, and� is the6 � 1 resultant force and moment acting upon the belt.

Speci�cally, � is expressed as

� =

2
6
6
6
6
6
4

q̂1 ••• q̂8 ••• q̂7

®b1 � q̂1 ••• ®b8 � q̂8 ••• ®b7 � q̂7

3
7
7
7
7
7
5

(2.5)

whereq̂8 is the unit vector from the8C� cable attachment point on the pelvic belt to the8C� cable exit

point on the walker frame, and®b8 is the vector from the pelvic center to the8C� cable attachment

point on the pelvic belt, illustrated in Fig. 2.3. Since the pelvic belt is considered a rigid body,®b8

are assumed static.

The mTPAD has seven actuated cables to control the 6 DOF force-moment pro�le on the pelvis.

As previously used in our other cable-driven systems [71], quadratic programming is implemented

to optimize the solution to this over-actuated system. Therefore, we implemented the following

quadratic programming-based optimization scheme.

min 5¹) º (2.6)

where

5¹) º = ) > )– (2.7)

with
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�) 8=4@= � 8=4@ (2.8)

and

) <8= � ) 8 � ) <0G;

8>>>>>>>><

>>>>>>>>
:

� 5# � � G–H� 5#

� � 6>0; � � I � � ¸ 6>0;

� 5#< � " G–H–I� 5#<

(2.9)

where) 8=4@is the optimized solution,� 8=4@is the force-moment pro�le associated with the opti-

mized tension solution,) <8= = 1# to ensure taut cables, and) <0G = 35# to ensure safety. For the

current work, the resultant goal force on the pelvis is a downward force with a magnitude of10%

of the participant's body weight (BW). Therefore, the inequality bounds for the horizontal force

applied to the pelvis is� � 6>0; = �¹ 10%�, º � 0•5# .

Once the goal tensions are solved for each cable, they are mapped to the goal current for the

corresponding motor using:

) 8=4@8 � AB?>>;= g8 = 86>0;8 � 08 (2.10)

whereAB?>>;is the radius of cable spool attached to each motor,g8 is the torque required by the8C�

motor to output) 8=4@8, 86>0;8 is the goal current for the8C� motor, and08 is the constant that maps

current to torque for the8C� motor.

2.2 Validation of Pelvic Localization and Open Loop Controller

A dataset of treadmill walking was collected from healthy participants to validate the con-

troller's accuracy and characterize how the commanded force pro�le is distributed. This �rst step

is essential before evaluating the mobile device on overground walking, as it will also validate the

device in a controlled environment.

This data collection aims to validate the new controller and characterize the handrail interaction
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on force distribution. We will answer the following questions to accomplish this: (8) Can the

forward kinematics approximate the pelvic center with respect to the walker frame during force

control?; (88) Can the force control mode accurately apply prescribed forces to the pelvic belt

during gait?; (888) Does holding the mobile TPAD's frame affect the distribution of the forces

applied at the pelvis?

2.2.1 Experimental Setup

The mobile TPAD frame was mounted to an instrumented PhysTread Pressure Treadmill (No-

raxon, Arizona), as shown in Fig. 2.4. This treadmill houses 3120 pressure sensors under the belt

of the treadmill that sample at 100 Hz. These pressure data estimate the ground reaction force

applied to the treadmill as calculated by an accompanying MR3.12 software (Noraxon, Arizona).

A VICON MoCap system is used as a gold standard to track the motion of the pelvic belt

and the walker frame for post hoc comparison to the novel forward kinematics implementation.

The infrared camera data are sampled at 100 Hz and combined to calculate the global position of

infrared markers within the recording workspace.

Nine re�ective markers are placed around the pelvic belt, three corresponding to the cable

attachment points and six extra to reconstruct occluded markers. In addition, �ve re�ective mark-

ers were placed on the walker frame to create the local walker coordinate frame from the global

VICON frame.

The myRIO records the calculated position and orientation of the pelvic belt at 10 Hz. A Lock

Lab device (VICON, United Kingdom) synchronizes these data with the VICON cameras and

treadmill.

Protocol

Eight healthy adults (six females, two males, age:27� 3•1 years, weight:65•0� 5•3 kg, height:

167•8 � 8•1 cm) participated and completed the experiment. Before beginning, all subjects signed

a written consent form approved by the Institutional Review Board of Columbia University.
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Figure 2.4: Experimental setup using a treadmill-�xed mobile TPAD and VICON motion capture
collection of frame and pelvis kinematics. The motors, outlined in yellow, route cables to the
pelvic belt worn by the user. The Vicon markers, outlined in red, record the motion of the pelvis
and the walker frame.
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The experimental protocol, illustrated in Fig. 2.5, included four conditions: (8) walking with

hands holding the frame and no applied pelvic force, (88) walking with hands holding the frame and

a downward10%body weight force applied, (888) walking without holding the frame and no applied

pelvic force, and (8E) walking without holding the frame with a downward10%body weight force

applied. The participants walked for �ve continuous minutes for each of these conditions at the

same self-selected speed. Trials were randomized concerning holding conditions, but force-loading

conditions followed those without loading.

Data Analysis

Once we collected data, forces between the participants' feet and the treadmill, as well as the

position of the pelvic center with respect to the walker frame, were evaluated.

Estimated Foot Force

We used the instrumented treadmill to estimate the ground reaction force of the participants'

feet. The MR3.12 treadmill software utilizes the pressure values and approximate contact area of

each foot to calculate each foot's interaction force at each sampling instance.

After averaging each foot's stance phase force curves for all steps in the �ve minutes, the mean

force curve of all strides can be calculated for each foot. These values are compared for each of

the four conditions. An example of one individual's data is shown in Fig. 2.6.

The two following relative force increases are considered to quantify the relative increase in

mean foot force:

A4;=>�0=3B=
5�# � � 5#�#�

5#�#�
(2.11)

A4;�0=3B =
5� � � 5#��

5#��
(2.12)

whereA4;=>�0=3B is the relative increase during non-holding conditions,5�# � is the mean foot
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Figure 2.5: Experiment protocol condition representations. A: Walking without holding mTPAD
and without applied downward force, B: Walking holding the mTPAD and without applied down-
ward force, C: Walking without holding mTPAD and with a downward force applied to the pelvis,
and D: Walking holding the mTPAD and with a downward force applied to the pelvis.
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Figure 2.6: Average and standard deviation of left (top) and right (bottom) ground reaction force
curves for one individual during all conditions. The green and black lines represent the two con-
ditions where a downward loading is applied, and the pink and purple lines represent the two
conditions with no external loading.
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force from the loading condition without frame holding,5#�#� is the mean foot force from the

non-loading condition without frame holding,A4;�0=3B is the relative increase during holding con-

ditions, 5� � is the mean foot force from the loading condition with frame holding, and5#�� is the

mean foot force from the non-loading condition with frame holding. We can compare these to the

target increase of10%�, loading.

Pelvic Localization

To quantify the error in the forward kinematics of the mTPAD, we compared the pelvic center

calculated using forward kinematics to the position captured by the VICON system. The marker

data were reconstructed using Vicon Nexus 2.6.1, then post-processed using Python. Each left

heel strike is used to segment the continuous data to determine the average pelvic trajectory per

stride over the �ve minutes of walking. These trajectory segments are then interpolated to 200

data points and averaged over all strides. This allows a comparison between the VICON recorded

pelvic center data and the forward kinematics calculated data per subject per condition.

Statistical Analysis

We ran a two-way repeated-measures analysis of variance (rmANOVA) test to evaluate main

and interaction effects and the signi�cance of the forces and holding conditions. If we found

within-subject signi�cance, post hoc pairwise comparisons were completed with a Bonferroni cor-

rection. Statistical signi�cance was de�ned for� : ? Ÿ 0•05, �� : ? Ÿ 0•01, and tests were run in

IBM SPSS Statistics 26.

2.2.2 Results

Forward Kinematics

The average pelvic center trajectory calculated by the forward kinematics and the average tra-

jectory recorded using VICON are shown in Fig. 2.7. For both force trials, regardless of the holding

condition, the mean error per trial (<40=� BC3) is � 0•17� 1•73cm in the x direction,0•79� 1•00
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Figure 2.7: The average pelvic trajectory components for all study participants for the myRIO
forward kinematics and the VICON ground truth. The shaded regions represent the standard devi-
ation.

cm in the y direction, and� 0•54 � 0•52 cm in the z-direction. These errors and distributions are

shown in Fig. 2.8.

Ground Reaction Forces

A two-way rmANOVA was run to determine the signi�cance of the effects of holding the

mTPAD frame and a downward pelvic force on the foot forces. The two independent variables are

the holding condition (walking while holding the frame and walking without holding the frame)

and the force condition (no force applied and10%BW downward force applied).

Main Effects of Downward Force

While treadmill walking, a higher average foot force was recorded when the participants expe-

rienced a10%�, loading force¹� ¹1–7º = 14•197– ?= 0•007, power= 0•896º, shown in Fig. 2.9
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Figure 2.8: The mean and quartile ranges for the trajectory errors per axis in the x, y, and z
directions.

(left). These values mean that participants had a signi�cantly larger average foot force when the

mTPAD applied a downward force.

Relative Increase

The relative increases in average foot force for each hand condition are shown in Table 2.1. For

the conditions where the participant is holding the walker frame, the average relative mean force

increase is8•2� 7•7%. For the conditions where the participant is not holding the walker frame, the

average relative mean force increase is11•1 � 7•8%. Therefore, when holding the mobile frame,

the average mean force increase is about3% less than when not holding the frame.

Main Effects of Holding Frame

While treadmill walking, a lower average foot force was registered by the treadmill when the

participants held on to the mobile frame¹� ¹1–7º = 9•193– ?= 0•019, power= 0•753º, shown

in Fig. 2.9 (right). Therefore, there are signi�cantly different average foot forces between frame-
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Figure 2.9: The average and standard deviations for the mean foot forces for all subjects (Left) in
Force and No Force Conditions, and (Right) in Hands and No Hands Conditions.

Table 2.1: The mean force values and relative force increases. FH: Force applied, holding; FNH:
Force applied, no holding; NFH: No force applied, holding; NFNH: No force applied, no holding.

Sub. FH FNH NFH NFNH A4;=>� A4;�

1 497N 511.5N 468N 467.5N 9% 6%

2 584N 632.5N 543N 543.5N 16% 8%

3 576N 582N 486N 486.5N 20% 19%

4 496N 510N 488N 488.5N 4% 2%

5 465N 469N 431.5N 426.5N 10% 8%

6 471N 501.5N 419N 420.5N 19% 13%

7 531N 562.5N 492.5N 491.5N 14% 8%

8 522N 522.5N 534.5N 537.5N -3% 2%
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holding conditions.

Interaction Effect of Downward Force*Holding Frame

A signi�cant interaction effect between the force and holding conditions was found,¹� ¹1–7º =

10•991– ? = 0•013, power= 0•792º. Therefore, under different force conditions, the holding

conditions had other effects.

2.2.3 Discussion

When a downward force of10%�, is applied, the error in the forward kinematics calculation

in each of the local walker frame's x, y, and z directions are� 0•17� 1•73cm,0•79� 1•00cm, and

� 0•54 � 0•52 cm, respectively. The error mean and standard deviation are lowest in the vertical

direction, which has the most impact on tension vector calculation given the device setup. Even

with the more signi�cant horizontal errors, the forward kinematics can still track the cyclic motion

of the pelvis during treadmill gait, even with a sampling frequency of 10 Hz.

There are a few possible causes for the localization error. The localization is based on �xed

cable exit points, initial cable lengths, and vectors from the pelvic center to the belt attachment

points. Errors in these values increase the localization error, and the chances of these errors in-

crease with the number of cables. Also, the calculation is affected by any deformation of the belt

or frame when forces are applied.

Even with the localization error, the relative increase in mean foot force overall conditions is

9.65%. When holding the frame, the average relative increase is 8.2% and 11.1% when not holding

the frame. These results are comparable to the original TPAD's performance.

While walking with a downward10%�, force acting on the pelvis, a signi�cant difference

was seen between the mean foot force when holding and not holding the mobile frame. Although

both relative force increases fall within the original TPAD standard, the relative increase when

holding the frame is2•9%lower than when not holding the frame. Therefore, some applied pelvic

force component is distributed through the arms to the frame rather than the legs to the ground.
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This loading may have more of an effect during overground walking. We will require careful con-

sideration to ensure that mobile TPAD users rely on something other than their arms to compensate

for the additional loading.

Future works include characterizing the effects of the dynamics of the mobile frame on the

force distribution while walking overground. During overground ambulation with the mobile

TPAD, the user may need to propel the portable frame and coordinate their motion with the de-

vice's motion. This propulsion need may introduce additional localization errors and alter the

forces' distribution.

This work illustrates that the mTPAD can localize the user's pelvis within the frame, even

with an open-loop controller that uses forward kinematics. Furthermore, even when utilizing this

localization strategy and controller, the mTPAD can achieve a ground reaction force increase of

approximately10%when a10%�, load is applied at the pelvis, whether the user is holding the

mobile frame or not. This work also helps to characterize the difference in force distribution when

holding the walker frame. Therefore, even with a slower open-loop control scheme, a less rigid

frame, less powerful motors, and localization error, the mTPAD can still provide accurate loading

during treadmill gait.

2.2.4 Conclusion

We created a portable mTPAD and explored the effects of an open-loop control strategy on the

accuracy and distribution of loading forces. We found that even though the forward kinematics al-

gorithm introduces error in the pelvic localization, the mean foot forces collected by the treadmill

are similar to the percentage of external bodyweight loading. This increase in foot pressure sug-

gests that the geometric localization and open-loop controller perform similarly to the traditional

TPAD. However, the distribution of some external loading through the arms to the frame will have

to be considered when designing overground experimental protocols.

Individuals with CP or others with irregular gaits may bene�t from an overground gait training

device that can provide custom forces at the pelvis without con�ning the motion of the lower
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limbs. The full potential of perturbing, assisting, challenging, and timed force pro�les may allow

this platform to be customized to �t a range of individuals with limited mobility or coordination

de�cits. However, the full potential of this device as a gait training tool is yet to be explored.

2.3 Validation of mTPAD Transparent Force Mode

2.3.1 mTPAD Transparent Controller

The mTPAD utilizes an open-loop forward kinematics-based high-level controller [72], as il-

lustrated in Fig. 2.11. Quadratic programming is used to optimize the over-actuated system's cable

tensions [72]. The following tension constraints are used in the quadratic programming scheme.

min 5¹) º (2.13)

where

5¹) º = ) > ) (2.14)

with

�) = � (2.15)

and

) 8–<8=� ) 8 � ) 8–<0G;

8>>>>>>>><

>>>>>>>>
:

� 5# � � G–H� 5#

� 0•5# � � I � 0•5#

� 5# � < � " G–H–I� 5# � <

(2.16)

where) is a7 � 1 vector of the tension in each of the seven cables,� is a6 � 7 Jacobian matrix

constructed using the coordinates of the cable exit points on the walker frame, and the cable attach-

ment points on the pelvic belt.� is the6 � 1 force-moment pro�le associated with the optimized
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tension solution,) <8= = 1 N for all i to guarantee taut cables, and) <0G = 35 N for all i to ensure

safety. For this experiment,� I was bounded by� 0•5 N to ensure the mTPAD applied no vertical

loading to the pelvis and that the device acted in a transparent mode, i.e., applied minimum forces

to the participant. This will allow us to study the effects of the mTPAD structure in a transparent

mode independent from the effects of the user holding the mTPAD frame.

2.3.2 Experimental Setup

We collected data from eight neuro-typical adults to evaluate the effects of the mTPAD trans-

parent mode and holding the mTPAD frame on natural gait. We performed three experimen-

tal conditions on a treadmill: baseline walking, mTPAD transparent mode, and holding mTPAD

while in transparent mode. We accomplished this work while the mTPAD device was mounted to

a treadmill, as overground walking requires the user to self-propel the mTPAD. Since overground

walking without holding the device is impossible, we cannot isolate the effects of arm interaction

overground.

Comparing the three conditions will help us understand: (i) the effects of the cable-driven

mTPAD in transparent mode on treadmill gait, and (ii) the effects of holding the frame of the

mTPAD while treadmill walking. These results will shed light on how walking is affected by the

mTPAD transparent mode. It will also illustrate any gait changes caused by holding the mTPAD

frame, which will be helpful for other self-propelled gait trainers in the future.

To understand how walking within the mTPAD frame alters a user's gait, multiple devices

were used to synchronously measure different data types, as shown in Fig. 2.10. First, spatial

and temporal gait parameters were collected using an instrumented PhysTread Pressure Treadmill

(Noraxon, Arizona). An array of 3120 Pressure sensors are located beneath the treadmill belt,

which samples data at 100 Hz. We used an accompanying MR3.12 software (Noraxon, Arizona)

to calculate the gait parameters.

Dual differential Delsys Trigno Avanti Sensors recorded surface electromyography (sEMG)

signals of left and right Bicep (Bi), Tricep (Tri), Rectus Femoris (RF), Bicep Femoris (BF), Vastus
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Figure 2.10: The mTPAD is mounted to an instrumented Noraxon treadmill, which records pres-
sure values beneath the treadmill belt. sEMG data are recorded using Delsys Trigno Avanti sensors,
circled in red.

30



Figure 2.11: Diagram of the mTPAD open-loop high-level controller, run at 40 Hz. Each of the
seven motor angles is read and used to calculate each corresponding cable length. The principle of
trilateration is used to calculate the forward kinematics of the participant's pelvis using the cable
lengths as inputs. Once the participant's pelvic position and orientation have been calculated,
optimization of cable tensions is done using quadratic programming and the input desired three-
dimensional forces and moments at the pelvic center. Desired cable tensions are converted to
desired motor torques and are sent to each motor. The servo motors have internal PID controllers
to minimize the error of the output torque.
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Lateralis (VL), Gastrocnemius (Ga), Soleus (Sol), and Tibialis Anterior (TA) muscles at 2148 Hz.

To synchronize the sEMG and treadmill data, the treadmill sent a digital signal to a VICON Lock

Lab device, which triggered the VICON Nexus software to start recording. To reduce the noise

of the sEMG signals, we used sterile 70% Isopropyl Alcohol prep pads to exfoliate and clean

skin [73]. In addition, we used custom Delsys double-sided adhesive to adhere electrodes to the

skin, and medical tape was applied over the electrodes to the skin to ensure contact during gait.

The sEMG signals were recorded using VICON Nexus software (VICON, United Kingdom) for

synchronization purposes, but we did not record other motion capture data.

2.3.3 Protocol

Eight neuro-typical adults (six females, two males, age:27 � 3•1 years, weight:65•0 � 5•3 kg,

height: 167•8 � 8•1 cm) participated in and completed the experiment. Before beginning the

investigation, all participants were informed of the study procedures and allowed to ask any study-

related questions. In addition, all participants signed a written consent form approved by the

Institutional Review Board of Columbia University, protocol IRB-AAAL9601.

The experiment protocol consisted of three conditions: (i) Baseline (B): treadmill walking

without the mTPAD attached to the treadmill; (ii) mTPAD Baseline (mB): treadmill walking with

the mTPAD attached and in a transparent force mode without the participant holding the mTPAD

frame; and (iii) mTPAD Holding (mH): holding the frame of the mTPAD while walking in the

mTPAD applying a transparent pelvic force. The protocol conditions are illustrated in Fig. 2.12.

Each condition consisted of �ve minutes of continuous walking at the same self-selected speed.

First, we collected condition (i), then condition orders of (ii) and (iii) were randomized. We gave

a short break to the participants between conditions.
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Figure 2.12: Experiment protocol conditions. From left to right, representations of Baseline (B),
mTPAD Baseline (mB), and mTPAD Holding (mH).
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2.3.4 Data Analysis

Gait Characteristics Data

All continuous data were segmented, and outcome measures were averaged per data type per

condition per subject. Data segmentation was done using the right foot pressure data output from

the MR3.12 software. We calculated right heel strike as when maximum right foot pressure became

nonzero. The spatial and temporal gait parameters were averaged and output using the MR3.12

software.

sEMG Data

Raw sEMG signals were detrended, bandpass �ltered, enveloped, and low pass �ltered using

python. The bandpass (20 Hz and 450 Hz) and low pass (5 Hz) �lters [74, 75] were second-order

Butterworth �lters that we applied in both direct and reverse directions of the signals to avoid

phase distortions, thus becoming fourth-order �lters. Processed sEMG signals were normalized

using the maximum value for each sensor across all three conditions. The normalized signals were

time normalized using right heel strikes. For one stride, this was done by �nding the treadmill

timestamp of a right heel strike (C80) and the treadmill timestamp before the next right heel strike

(C85), then �nding the �rst sEMG signal timestamp afterC80 and the last sEMG signal timestamp

beforeC85. The sEMG signal in the bounds ofC80 to C85 was then interpolated to 500 points to

determine an average signal. The peak sEMG values per stride were calculated, and these values

were averaged per condition per participant.

2.3.5 Statistical Analysis

To evaluate the effects of the mTPAD transparent mode and holding the mTPAD frame on the

user's natural gait, B, mB, and mH conditions were compared. The normalities of the data distri-

butions were determined using a Kolmogorov-Smirnov test. When signi�cantly non-normal, the

Wilcoxon signed-rank test was used; otherwise, a one-way repeated measure analysis of variance
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(RM-ANOVA) test was used. If the test found a signi�cant effect, post hoc pairwise comparisons

were completed using a Holm-Bonferroni correction to limit Type I errors in the results. All tests

were run using Python Statsmodels [76] and Scipy Stats, and statistical signi�cance was de�ned as

? Ÿ 0•05. For statistical comparisons, the following notation is used: * :? Ÿ 0•05; **: ? Ÿ 0•01;

and ***: ? Ÿ 0•001.

2.3.6 Results

2.3.7 Gait Characteristics

We evaluated the effects of the mTPAD transparent mode and holding the mTPAD frame on

the stride length, step width, and stride time. These parameters were calculated per left and right

step and averaged per condition per subject. We found a main effect signi�cance in all three gait

variables. For stride length� ¹2º = 12•0, ? Ÿ 0•01; for step width� ¹2–14º = 19•38,

? Ÿ 0•001; and for stride time� ¹2–14º = 9•29, ? Ÿ 0•01.

For the stride length, shown in Fig. 2.13-A, the corrected post hoc comparisons (<40= �

BC3) showed that there were no signi�cant differences between: B (103•2 � 10•1cm) and mB

(105•7 � 10•4cm), ? = 0•345; B and mH (111•2 � 11•6cm), ? = 0•223; and mB and mH,

? = 0•283.

For the step width, shown in Fig. 2.13-B, the corrected post hoc comparisons showed that

there was no signi�cant difference between B (11•3 � 2•09cm) and mB (10•9 � 1•9cm),

? = 0•207. However, during mH (8•4 � 1•5cm), participants took signi�cantly narrower steps

than B,? = 0•0042, and mB,? = 0•0086, conditions.

For stride time, shown in Fig. 2.13-C, the corrected post hoc comparisons showed no signif-

icant difference between B (1165•0 � 97•4msec) and mB (1180•0 � 118•0msec),? = 0•416.

However, during mH (1241•5 � 133•6msec), participants took signi�cantly slower steps than both

B, ? = 0•0178, and mB,? = 0•0013, conditions.
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Figure 2.13: (A) Stride length in cm, (B) Step Width in cm, and (C) Stride Time in ms per con-
dition. Each shape's colored region represents the distributions of the values per condition. The
white circles represent the median, and the central vertical grey lines show quartile ranges.
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