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Abstract25

Background26

Precision rehabilitation is essential to optimally meet the specific needs of children with developmental27

motor disorders such as cerebral palsy (CP). While assistive devices are useful tools for motor training by28

supporting the child, augmenting actions, and encouraging practice, these devices often have limited sets29

of predetermined, fixed modes of interaction and parameters that can limit the effect of their responses to30

performance.31

Objective32

We present the design of a graphical user interface (GUI) that facilitates prone locomotor learning and33

monitoring of individualized learning efforts by infants using a robotic assistive crawling device.34

Methods35

The Self-Initiated Prone Progression Crawler (SIPPC) robot engages sensor-driven interaction and incorpo-36

rates motor learning and precision rehabilitation principles to encourage and assist early prone locomotion.37

Training on the SIPPC is 12–16 weeks, with hands and feet contacting the floor. Infant and robot data38

are displayed in the GUI, where therapists monitor infant performance and robot behavior. Through39

the GUI, therapists can make real-time adjustments in the robot response to infant movements, thereby40

increasing opportunities for successful movement at any learning stage. Selectable robot control modes41

either respond to infant-generated ground reaction forces (force control) or limb gestures (G1 and G2).42

The GUI enables control mode response threshold and magnitude adjustments, and provides scripted43

session guidance and data management.44

Results45

Preliminary results show therapists can provide real-time configuration changes to the SIPPC response46

type, sensitivity, and magnitude based on infant skill, mood, and effort. Infant and robot behavior are ob-47

served concurrently with these configurations. Therapists enable force control and G1 for most sessions.48

G2 detects more coordinated limb gestures than G1 and used during later sessions after infants have more49

practice and SIPPC experience. During early therapy sessions, therapists change parameters multiple times50

throughout the trials. In subsequent weeks, therapists typically adjust parameters at the trial beginning.51

Conclusion52

Individualized intervention is important for optimizing rehabilitation outcomes. Our interface design allows53

therapists to customize the assistive robotic responses to each infant’s needs and learning style to promote54

motor learning specific to each infant’s motor function. This innovative approach allows precise monitor-55

ing of movement learning across time and infants, offering additional value to measuring infant locomotor56

development.57

Keywords58

motor learning, motor training, motor control, assistive therapy robotic systems/devices, crawling skill ac-59

quisition, prone progression, cerebral palsy (CP)60
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Introduction61

Cerebral Palsy (CP) is a group of developmental motor disorders in infants that results in lifelong impairment62

and can impact the progression of locomotion, cognition, perception, communication, and behavior [1–3]. Im-63

paired motor control and coordination in infants with CP can vary across individuals and produce challenges64

to motor learning and skill acquisition, leading to delayed or missed developmental milestones, such as crawl-65

ing [4, 5]. Early diagnosis and intervention are therefore crucial for infants at high risk of CP to leverage neural66

plasticity and neural pathway pruning early in life [2–7].67

Crawling is a profound milestone in development for most typically developing infants; acquisition of this68

milestone influences muscular strength, motor coordination, and cognitive development [8–10]. Typically,69

infants learn to crawl by moving through a sequence of developmental stages, progressively increasing the70

magnitude and coordination of their movements [11, 12]. When placed prone, they initially learn to lift their71

heads for increasing duration to observe their surroundings and to identify objects of interest. As they obtain72

more strength and control over their trunk and limbs, they start to shift their weight and reach for nearby73

objects. With increasing muscle strength and coordination, they start moving around on their stomachs, before74

transitioning to quadrupedal motion on their hands and knees. With further refinement of limb and trunk control75

and coordination, they can move in their environment toward toys and other objects of interest. However,76

challenges such as reduced muscle strength or control can result from disorders like CP and make achieving77

any of these stages unassisted much more challenging [1–3, 13].78

Activity-based interventions can potentially improve motor function by targeting multiple motor perfor-79

mance components, such as endurance, coordination, and strength, with varied levels of intensity and frequency80

to provide individualized rehabilitation [3, 4, 7, 14]. For example, passive range motion exercises can help81

prevent or reduce joint contractures and low resistance high repetition exercises can help with muscle strength-82

ening and endurance [3]. Morgan et al. [7] developed the Goals-Activity-Motor Enrichment (GAME) therapy83

approach to promote early, intense, environmentally enriched, task-specific, home-based training for motor84

and cognitive skill improvement in infants with CP. In the GAME paradigm, therapists and caregivers work85

together to adjust the infant’s environment to promote successful self-generated motor activity. While tem-86

porary performance improvements are motivating in therapy, it is crucial to ensure advancements in motor87

capabilities are permanent and applicable to active daily life. To do so, is useful to increase motor challenge as88

performance improves to help solidify learned problem-solving capabilities and skill generalization [7, 15, 16].89

While therapeutic interventions can aid individuals in learning motor skills to navigate their environments90

or to learn tasks necessary for daily activities [17, 18], there is often a high variability in individual responses91

to intervention [19] and some variation in therapist implementation of intervention procedures [13, 14].92

Therefore, interventions should consider the unique dispositions of each individual and be adjustable to best93

address their personal needs and limitations. And, these adjustments should be quantitative to allow for94

consistency and objective comparison between alternative therapist implementations.95

Figure 1 summarizes a model of the dynamic, real-time interaction between the environment, device,96

learner, and therapist. Through a feedback loop, the device augments the learner’s capacity to explore97

the space of relevant constituent motor actions with differing complexities. The therapist can observe the98

activities of the learner and respond by altering the learner’s environment. In addition, the device provides99

detailed information about the performance of the learner to the therapist, who, in turn, tunes the response100

of the device to meet the learner’s specific needs.101

In this context, an assistive therapy device that applies to a range of motor deficits of varying severity102

levels should adhere to the following design principles:103

1. support learning of a range of skills of varying complexities,104
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Figure 1: Flow of extrinsic feedback. In natural environments, there is a feedback loop between the environment
and the learner. Without an assistive therapy device, the therapist acts as a mediator between the environment
and the learner by controlling the configuration of the environment and how the learner interacts with it.
With a therapy device, both the learner and the therapist obtain feedback from the device, and the therapist can
modify the configuration of that feedback. The assistive therapy device acts as an additional mediator with
the environment. Additionally, the device can respond in real-time to the performance of the learner without
waiting on input from the therapist. In this study, the SIPPC is the device and the infant is the learner.

2. provide automatic extrinsic feedback to the learner through repeatable assistance that is contingent on105

the learner’s performance in real-time, and106

3. provide extrinsic feedback to the therapist to allow objective performance assessment and to adjust the107

learner-device interaction.108

The first design principle addresses the variation in motor capacity of individuals with motor disorders. As-109

sistive devices can augment and provide some enhancements to individual movements. This can help learners110

practice and build new motor skills. Additionally, the device helps the learner identify and engage effective111

skills related to desired motor objectives. Because CP can impact motor capability in many ways, it is crucial112

to have devices that are capable of supporting the practice and achievement of a large set of skills appropriate113

to the individual’s level of motor function.114

The second design principle requires that the device provide extrinsic feedback to the learner in real-time115

in response to the learner’s performance. Moinuddin et al. [20] defines feedback, in the context of motor116

learning, as information “fed back” to the learner as the result of movement. The feedback can be sent before,117

during (real-time) or after the action to inform motor adjustments in preparation for subsequent actions. Real-118

time feedback is important to allow the learner to quickly change strategy and to determine the relationship119

between certain actions and progress towards a goal [4, 16]. Solidification of learning through quality repetitive120

practice is a core component of effective therapy and motor learning [17, 18, 20]. Salmoni et al. [15]121

and Kitago and Krakauer [16] discuss the temporary impacts of extrinsic feedback (knowledge of results;122

KR), and that reducing or removing KR in later stages attenuates the temporary performance effects of123

the feedback and accentuates lasting, transferable improvements that are actually due to learning. This124

form of real-time extrinsic feedback can provide infants at risk of CP with high-frequency training and help125

implicitly communicate learning objectives to infants since they are not able to follow instructions and verbally126
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communicate.127

The third design principle requires that the device provides qualitative and quantitative feedback to the128

therapist. It is paramount that therapists have objective knowledge about the status, progress, and trajectory of129

the learner. This knowledge empowers the therapists to make informed decisions for the learner’s experience.130

Upon receipt of the feedback, the therapists can alter the feedback response to future actions during the same131

session. Modifying the feedback in real-time enhances the therapist’s ability to affect behavior and guide132

learning. Changes in feedback can serve to motivate activity or encourage the exploration of various sets of133

underutilized actions (e.g., encouraging infants who struggle to move one particular arm to begin engaging it134

to reach for toys). As the learner improves, the therapist should be able to modify the feedback to increase135

the challenge and prevent primary dependency on the feedback. Moreover, if the learner is not successful,136

the therapist can decrease the challenge to provide successful feedback to the learner.137

Assistive devices (e.g., walkers, gait trainers, exoskeletons, robotic devices) can be used in therapy to138

augment and enhance motor performance by enabling exploration and discovery in various environments [3,139

13, 14]. The combined extrinsic feedback from the environment and an assistive device can help learners140

adapt, evaluate the utility of various motor strategies [21], and improve overall motor function [3]. Assistive141

therapy devices can also be useful tools for augmenting the interaction between the therapist and the learner.142

Through a combination of sensors, functional user interfaces, and robotics, these devices have the potential143

to offer therapists more quantitative information, control, and flexibility when making therapy decisions, while144

simultaneously providing feedback and assistance to train the learner. However, such devices are often limited145

in applicability and availability for children, especially infants, due to differences in needs between children146

and adults. Moreover, assistive devices for infants that support early learning of locomotor skills, such as147

crawling, are not widely available [22, 23], do not provide performance feedback [24, 25], or do not offer a148

flexible set of parameterized controls for the therapist [24–26].149

The Self-Initiated Prone Progression Crawler (SIPPC) robot is a unique assistive crawling device that is150

designed to promote movement learning in infants with motor delays by offering an array of crawling-based151

movement strategy options [21–23, 27]. The SIPPC supports the weight of the infant in a prone posture in152

which their hands, feet and knees can contact the floor. The robot can carry the infant along a combination153

of forward and turning paths – contingent on the ground reaction forces (GRFs) or the limb movements (LMs)154

produced by the infant. For example, if the infant pushed against the floor to the left with their two hands,155

the SIPPC would respond by turning the infant to the right (GRF). Or, if the infant made a pulling motion156

with their hands from in front of their body toward themselves, even without contacting the floor, the SIPPC157

would move the infant forward (LM).158

Kolobe and Fagg [21] investigated the effects of these response contingencies with three groups of infants:159

typically developing infants with GRF-based responses (TD), infants at risk for CP with GRF-based responses160

(GRF), and infants at risk for CP with both GRF and LM responses (GRF+LM). Over bi-weekly exposure161

to the SIPPC for 12–20 weeks, the TD group demonstrated a greater increase in the magnitude of arm162

movements and in trial-and-error activities over both at risk groups. In addition, among the at risk groups,163

the GRF+LM group demonstrated an advantage in these metrics over the GRF group. This indicates that164

the SIPPC with appropriately selected response contingencies can contribute to motor exploration and to165

learning new motor skills. However, the fixed contingencies by group can present limitations on an individual166

basis. Adding the LM contingency on top of the GRF contingency can make the SIPPC easier for the infant167

first to learn to engage the robot in producing purposeful movements, but does not necessarily challenge the168

infant to refine their skills further. On the other hand, the GRF-only contingency is more challenging to the169

infant, but to a degree that can impede the first learning steps.170

For the SIPPC (and other therapeutic devices) to meet the unique needs of more individuals, it is important171

to provide the therapists with the ability to dynamically select contingencies, in addition to tuning their details,172

in an individual and context-dependent manner. A key challenge is choosing this set of contingencies and173
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their associated parameters, and then presenting these options to the therapist in a manner that facilitates174

(and not impedes) their interaction with the patient. Many existing therapy devices possess user interfaces175

that operate as a control center for the therapy session to adjust the exercises based on therapy goals, the176

patient needs [28–30], and they take steps to promote understandability, reliability, and accessibility [30, 31].177

Octavia et al. [28] designed Matti, an interactive gaming mat that uses a tangible user interface (TUI) to178

support motor rehabilitation for children with developmental coordination disorder (DCD). Here the TUI is179

designed to engage and motivate the patient and a screen displays visual feedback from therapy games. A180

separate graphical user interface (GUI) is provided to the therapists to select games and adjust configurations181

based on the therapy goals. One limitation of this design is that once the therapist begins the therapy game,182

the configuration is fixed until the game is complete or terminated. This can limit practice opportunities183

that optimally address the child’s unique motor function and skill level. In work by Tucker et al. [29], they184

developed a GUI for wireless operation and data logging from a robotic knee exoskeleton for children with CP.185

The interface allows users to select and configure two control modes and automatically enforces the order of186

procedural therapy operations to reduce the chance of error. Despite the capabilities of the exoskeleton and187

GUI, the accessibility of the device in Tucker et al. [29] is limited since access to the GUI requires an intricate188

installation procedure.189

In this paper, we describe the design of the SIPPC’s graphical user interface (GUI) and its application of190

these design principles. Through the GUI, we can offer a fine-level of control of the therapy device such that191

the device can be used to support a larger set of patient needs and facilitate precision rehabilitation. We also192

present preliminary data from an ongoing study of infant locomotor learning.193

Materials and System194

Self-Initiated Prone Progression Crawler195

The SIPPC 4 (Figure 2) is the latest generation in a series of integrated assistive crawling robotic systems that196

promotes prone locomotor learning in infants withmotor delays [21]. The infant lies prone on a padded platform197

such that their hips, trunk and potentially their head are supported, while their hands, feet and knees are able198

to contact the floor. The SIPPC uses information from a set of sensors to assist the infant in motor training199

for precision rehabilitation. Embedded inside the platform is a 6-degrees-of-freedom force/torque (F/T) sensor200

with which ground reaction forces and weight shift can be measured. An infant motion capture suit tracks limb201

and trunk movements in real-time using twelve Inertial Measurement Units (IMUs) [32]. The 3D orientation202

data from the IMUs are combined with a skeletal model of the infant to estimate the 3D locations of key points203

on the infant’s body, including the wrists, ankles, and feet [33]. Three cameras capture lateral views of the204

infant, the infant’s head, hands and feet, as well as area in front of the infant. The images from the cameras are205

composited into a single view by a dedicated video processor; the composite image is recorde to disk and sent206

to the connected client devices (e.g., tablet, smartphone).207

The SIPPC has two drive wheels mounted on either side of the infant’s hips. Each wheel is independently208

controlled by a local microcontroller that communicates with the control processor, which is responsible for209

coordinating their behavior and monitoring their state for safety. A rear ball castor wheel sits behind the infant210

as a third point of contact and a front skid plate prevents the SIPPC from tipping. Flexible platform covers at211

the front of the platform and around the wheel pods prevent the infant’s hands from being pinched when the212

robot moves. Additional details about the hardware design of the SIPPC are described by Ghazi et al. [34].213

214

Software System Design The SIPPC software system is built on top of the Robot Operating System (ROS,215
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Figure 2: A therapy session where the infant is using the Self-Initiated Prone Progression Crawler (SIPPC 4).
The parent is in front of the infant encouraging her to move her limbs and progress forward. The infant is
outfitted with an eleven-segment motion capture suit. Three cameras record the limb movements and the space
in front of the infant. Under the red platform, a force/torque sensor measures the ground reaction forces (GRFs)
that she generates. The yellow box behind the infant is the electronics box housing most of the robot’s proces-
sors, the battery, and the power regulation system.

v1, Kinetic Kame) [35], which supports the flexible, real-time communication and coordination between a216

large number of sensory, logging and control processes (referred to as ROS nodes). These ROS nodes are217

distributed across multpile processors and implemented with a mix of C++11 and Python. The base update218

rate for the real-time processes (including sensing, control and logging processes) is 50Hz. Event-based219

processes wait for a trigger event to perform an update, such as parameter change events from the GUI.220

The software architecture details are outlined in Figure 4 and described by Ghazi et al. [34]. In short,221

the sensor nodes gather and publish data from the force/torque sensor, the motion capture suit, the SIPPC222

wheel state, the cameras, and the battery. A low-level control node is responsible for producing smooth223

and safe motions of the SIPPC. A video compositor node is responsible for the real-time integration of the224

images from three separate cameras and graphical representations of the SIPPC state into a single video225

stream, which is then transmitted to the GUI at 10FPS and recorded to disk for later coding. A session226

control node is responsible for enforcing the sequence of allowable steps that the therapist can take during a227

recording session. A logging node is responsible for writing all key SIPPC state information to a log file for228

later analysis. And, a processor node is responsible for monitoring the CPU load, memory, and data storage229

on each processor.230

The GUI communicates through ROS to present the robot system state to the therapist and to enable231

the therapist to tune the robot responses to each infant’s personal needs. The GUI receives regular robot and232

infant state updates through ROS at 10Hz. The therapist is also provided with diagnostic details for real-time233

troubleshooting should issues arise. ROSBridge [36] is a ROS package enabling communication between the234

ROS environment on the robot and the client devices (e.g., phone, tablet). The package uses WebSockets to235

transmit data in the JavaScript Object Notation (JSON) [37] format and maintain a shared robot state across236

all connected devices. The robot uses a RaspberryPi (RPi) [38] as an access point (AP) for client devices to237
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Figure 3: Web Architecture. Robot data flows between the ROS environment on the robot (using WebSockets)
and client devices (e.g., phone, laptop, tablet). The Flask web server on the robot hosts and transmits the pages
to the connected clients. State change requests flow between the Flask server on the robot and the client device
and back to ROS to valid state change requests. The ROSBridge server carries the protocol for converting ROS
messages into JavaScript Object Notation (JSON) for transport through the WebSocket.

connect to and a web server for users to access the various pages of the user interface. A high-level diagram238

of the web architecture is shown in Figure 3. The web application server uses Python Flask [39] to define the239

endpoints corresponding to each of the interface’s pages. Each page provides information about the infant’s240

progress, controls for monitoring the robot’s state, or capabilities for managing the data. Guincorn [40] is a241

gateway server that manages multiple processes for handling client requests in parallel when multiple users242

are simultaneously connected to the interface. Nginx [41] acts as a reverse proxy server for port forwarding.243

For dynamic device layout adjustment, Bootstrap generates responsive styles that allow simple specifications244

for automatic layout rearrangement based on the size or resolution of the client’s device.245

246

Networking An outline of the network and device connections is shown in Figure 5. The robot has247

five specialized processors (three RaspberryPi’s (RPi) and two Mbed microprocessors). These processors248

communicate on the same subnet via Ethernet. The main RPi (sippcbridge) acts as an access point and web249

server. Client devices (e.g., tablet) connect to sippcbridge to access the SIPPC’s local password-protected250

WiFi network and the GUI. The main RPi also hosts the ROS master process, which manages the ROS nodes251

and the inter-node communication. The robot can be connected to the internet through the sippcbridge to252

synchronize data between the secure cloud storage, other SIPPC robots, and secure remote lab devices for253

software updates and maintenance. The video RPi (sippcvideo) is dedicated to capturing video from the254

cameras and compositing them into one video stream along with data plots of the kinematic and robot data.255

The solid state drive (SSD) for storing all the session data on the robot is connected to sippcvideo. The SSD256

is mounted by the other RPi’s over the robot’s local network. The control Mbed (sippccontrol) monitors and257

manipulates the wheels and force/torque (F/T) sensor. The suit Mbed is connected to the twelve IMUs and258

is responsible for collating and transmitting the 3D orientation data to other nodes in the network.259
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Robot Assistance Control Modes260

Control modes are types of robot assistance that trigger responses by the robot based on actions that the infant261

performs. There are two general types of control modes the therapists can engage for the robot: proportional262

and discrete. For the force control mode, the robot acceleration is linearly related to the magnitude of the263

infant-generated GRFs. The gain of this relationship is a parameter that the therapist can adjust under the264

Force/Torque Control panel on the Parameter Page (Figure 7; Forward Force Boost and Turning Torque265

Boost parameters).266

The discrete control modes produce temporally extended, minimum jerk trajectory profiles in the forward,267

left or right directions. Only one discrete action can be triggered at a time; its acceleration profile is layered268

on top of that of the force controller. The parameters of the profile (temporal duration and distance) can269

be altered by the therapist. Several different discrete control modes are available: power steering (PS), suit270

gesture recognition, and manual control. Assistance from PS is triggered when the GRFs exceed a threshold271

that the therapist defines. Two suit gesture control modes are available: Gesture 1 (G1) and Gesture 2 (G2).272

G1 is a heuristically defined set of rules that translate limb motion into triggering a discrete robot response [32].273

G2 is a separate set of machine-learned (ML) gesture rules encoded with a forest of relational probability274

trees [42, 43]. This model was trained using kinematic and PS assistance event data from typically developing275

infants learning to use the SIPPC with PS only [21]. G2 identifies additional, more precise types of limb276

movements beyond what can visually be observed and defined by the therapists. G1 responds more to coarse-277

level movements in the arms and legs, whereas the sensitivity of G2 can be dynamically adjusted to encourage278

more coordinated crawling-like movements. Specifically, the G2 model produces as output an estimated279

probability of a forward, left or right movement. When one of these predictions exceeds a therapist-defined280

threshold, the G2 control mode generates the corresponding discrete movement. As a probability threshold281

increases, the infant must produce movements that better match the movements of the typically developing282

infants from the training set. These parameters are under Session Configuration: Gesture 2 Sensitivity on283

the Session View page (Figure 6). Finally, the Manual control mode allows the therapist to remotely drive the284

robot.285

User Interface286

The SIPPCGUI is used by the therapist to guidemotor training by allowing the therapists to control the difficulty287

of the sessions, dynamically. The GUI allows the therapist to adjust the control parameters of the robot in real-288

time to modify its responsiveness based on the infant’s engagement and movement. The therapist can modify289

multiple parameters as the infant becomesmore skilled at driving the robot to ensure that the infant is continually290

challenged to practice and learn more difficult motor skills. Therapists can adjust parameters such as:291

• GRF response threshold to adjust performance difficulty,292

• limb and trunk gesture recognition sensitivity to adjust performance difficulty,293

• robot control modes to target limb use for generating movement, and294

• robot movement magnitude and duration to motivate limb and trunk movement.295

Early on, when the infants are less skilled, the robot is configured to be very responsive. Sessions can be made296

less challenging for infants with more severe motor impairments or more encouraging for infants with less297

motivation to move. This allows infants to practice motor activities at their current skill level. For example,298

if the infant is visually engaged with a toy but not moving towards it, the therapist can make it easier for the299

infant to achieve success. The therapist can increase the gesture sensitivity to detect small limb movements300
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of the infant to drive the robot toward the toy. Conversely, if the infant is easily generating robot movements301

by actively reaching, pushing, kicking, and progressing toward toys, the therapist can increase the challenge302

of driving the robot. This can be achieved with multiple combinations of changes to the robot parameters in303

the GUI. For example, the therapist can decrease the distance that the robot travels and increase the amount of304

force that the infant must generate to move toward the desired item.305

The SIPPCGUI promotes the proposed design principles by being accessible bymost personal devices (e.g.,306

tablet, laptop, smartphone, etc.), maintaining a consistent shared state across all connected devices, being self-307

contained and informative, being modular in design, and limiting session procedural operations to a specified308

sequence. To meet these requirements, the GUI was built as a local web application. Web applications are309

accessible on any device with WiFi connection abilities and are hardware agnostic, eliminating the need to310

explicitly develop the interface for multiple types of devices. Additionally, web applications do not require311

installation on a client device and are accessed simply by connecting to the robot’s local network and the312

SIPPC URL from a browser. For security, the robot and its local WiFi network are password protected. One313

must connect to the robot’s network to access the GUI.314

Most operations in the GUI are performed by pressing a single toggle button and changing parameters315

is done by selecting checkboxes or moving a slider. Additionally, the interactive components of the interface316

(e.g., buttons) change appearance if interacted with correctly, to clearly indicate to the users the button’s317

current state. This simplifies the interface and the workflow for the therapists. For example, the toggle318

buttons change color and text to indicate state information. In particular, the button to start and stop Data319

Recording is red and displays “STOPPED” when data recording is not running. When data recording is320

running, the color changes to yellow and the text inside the button is set to “STARTED.” The sliders display321

the value for their corresponding parameter in a text box that the user can use to type the value instead if322

typing is preferred to using the slider.323

Multiple client devices can be connected to the GUI of the same robot simultaneously to observe the system324

state. To ensure a consistent state across the connected devices, each device receives the state data from a325

centralized parameter ROS node; any parameter changes from the therapist are sent as change requests to this326

node, which validates the change before altering the system state. The ability to have multiple client devices327

connected to the robot’s interface also assists therapists with training others to use the system, involving the328

infant’s caregivers and monitoring safety information. The user interface is separated into eight pages (Session329

View, Parameter Page, Post Processing, Subject Page, Clinician Page, User Guide, System Details, and Admin330

Dashboard; Figure 6 and 7). Each page focuses on specific therapist tasks. Troubleshooting details and a user331

guide are included in the interface for convenience to clarify how various interface tools operate and to explain332

the causes and solutions to issues that might arise while users are interacting with the SIPPC.333

Session View The main interface page is the Session View (Figure 6). This page displays the robot and sensor334

status information (e.g., whether the force sensors are connected), and allows the therapist to engage/disengage335

the robot, drive the robot (i.e., Manual Assist panel in Figure 6), perform suit calibration for the trunk and limbs336

(Suit Calibration panel in Figure 6), modify the session configuration (i.e., robot-infant interaction parameters),337

and control the trial state (e.g., start or pause the trial timer). The therapist can also take notes that are logged338

along with other system data for use during subsequent sessions and analyses.339

The panels on the page also facilitate modularity in the interface design. The panels are automatically340

rearranged for different screen resolutions and are laid out in an order that reflects the typical temporal order341

of the activities taken by a therapist during a session/trial. The interface will not allow certain actions to be342

performed before others. If the user requests an invalid sequence the interface notifies the user of the issue343

and the correct action to perform. For example, before Data Recording can start, the connection to the wheels,344

force/torque sensors, and other processors must be established (System Status panel in Figure 6, each indicated345

by a green check mark), and the subject and clinician must be selected. Precautionary checks are built into the346
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SIPPC. The robot cannot be engaged without the wheels and force sensors being connected. Before starting the347

first trial, the suit must be connected and the suit and the Force/Torque Sensor must be calibrated. Therapists348

can start the trial and engage the robot and the infant’s control when all precautions are met. This design reduces349

errors in the procedures and promotes consistency across sessions, subjects, and therapists. The checks in the350

system also reduce the chances of erroneous interactions with the robot that could result in damaged or missing351

data.352

Parameters Configuration The Parameters Page (Figure 7) exposes robot-infant interaction parameters, al-353

lowing in-session adjustments. Modifications to these parameters enable the therapists to guide motor training354

on an individual basis. These configurations can be saved and shared across multiple robots on an individ-355

ual basis. The Discrete Assistance panel modifies the parameters impacting the robot’s response to assistance356

events triggered by the power steering or gesture recognition control modes. The Power Steering panel allows357

therapists to adjust the threshold GRFs necessary to provide the infant with extra force-based assistance to358

move forward, left, or right. The lower the threshold, the easier it is to trigger a power-steering-assisted boost.359

Force/Torque Sensor parameters manage the filtering of sensor noise. The Force/Torque Control parameters360

handle the robot’s level of continuous response to the infant’s GRFs (the Global Gain and Boost parameters).361

Increasing the Boost parameters increases the robot’s acceleration proportional to the GRFs and can provide362

infants with extra motivation in response to smaller forces when the infant might be struggling to produce363

forces. Lastly, the damping parameters control how quickly the robot slows down after a movement has been364

completed.365

DataHandling The Post-Processing page (Figure S1), guides users through the steps for data post-processing,366

uploading, and deletion. The structure and functionality of the page restrict the order in which the steps can be367

performed to prevent loss of data and minimize the time and effort spent on data management. For example,368

video data cannot be uploaded until after it is compressed. Files cannot be deleted until after they have been369

uploaded. Therapists can also download subject parameter configuration files and notes from other robots and370

sessions to use for current sessions, allowing the different robots to be interchangeably used for therapy ses-371

sions. All data are uploaded to the HIPAA-compliant version of Box. Only authorized users can access this372

data repository. All data exchanges with Box are encrypted in transit, and Box encrypts the data at rest.373

Post-processing is done on a computing system at the University of Oklahoma (OU) where the data are stored374

on a ZFS-based system with encrypted disks and three parity disks to prevent data loss. Data exchanges375

between this file system and the processing computers are also encrypted in transit. Data (including video)376

are stored on the SIPPC until the videos can be transmitted, processed, and human-verified (typically takes377

one week). See the Supplemental Details for details on all the pages in the GUI.378

Methods379

380

Design Requirements381

The current SIPPC robot and interface evolved from prior studies involving the SIPPC 2 [21, 22, 44] and382

SIPPC 3 [23, 27]. SIPPC 2 was the first functional prototype to be used in a study that allowed for383

the comparison of typically developing and at risk infants. The robot passively accelerated in response to384

GRFs, but the control system could also generate short duration acceleration “bumps” in response to small385

passively-generated movements (similar to PS) and to gesture recognition events (G1, specifically). The386
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Goal Requirement GUI Page

Facilitate personalization of
therapy and monitoring

Select infant and clinician profiles
Session View

Start/stop data recording sessions

Start/pause/resume/stop trials
within each data collection session

Calibrate the suit and force/torque
sensors

View infant performance and robot
behaviors

Control robot response and behav-
ior (i.e., ability to change control
parameters)

Facilitate monitoring
View robot system state and details
(e.g., battery, sensor states, proces-
sor load and memory, data storage
space, etc)

Session View and System Details

Provide real-time troubleshooting
information and robot and GUI
documentation

All and User Guide

Enforce compliance with the study
procedures and protocol All Pages

Accessible from network-enabled
devices (e.g., phone, tablet, laptop,
etc)

Data Management
Share infant profile data between
robots such that they are inter-
changeable

Post-Processing

Manage data (upload, download,
delete)

Shut down robot System Details

Table 1: GUI Design Requirements
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wire-connected interface computer provided the therapist with minimal abilities to start/stop trial recording387

to visualize the state of a small battery of sensors. SIPPC 3 expanded the sensory and motor capabilities388

of the system, allowing for higher fidelity data collection and the ability to prototype additional movement389

contingencies, including PS, G1 and G2. The GUI executed on a wireless laptop computer, and allowed390

the therapist to select control modes and adjust a small number of control parameters. However, following391

the prototype phase, these parameters were fixed for the purposes of the subsequent study that compared392

typically developing infants with at risk infants.393

SIPPC 4, the subject of this paper, is part of a larger study that is focused on providing personalized motor394

training to the infants using fine-level dosage control [45]. The new requirements for this therapy-focused395

study include: a flexible interface that is accessible from any WiFI-enabled device, and GUI-based real-time,396

fine-level control over the device responses, as well as the data management processes. A key challenge in397

allowing the therapists to have fine-level control of the SIPPC behavior was in balancing this complexity with398

their need to focus on the infant during the therapy sessions. Table 1 summarizes the specific requirements399

to achieve these goals.400

401

Validation and Testing402

Prior versions of the SIPPC allowed us to prototype a range of ideas for supporting infant crawling learning and403

infant-robot interaction. The SIPPC 4 represents a consolidation of these efforts into a device that is practical404

for use in homes and flexible enough to allow for a wide range of infant-robot interaction profiles. The current405

GUI and SIPPC 4 robot were tested with 4 infants between the ages of 5 and 9 months, by two therapists406

over five months at OU Health Sciences Center before deployment to CHOP (the Children’s Hospital of407

Philadelphia) for the clinical study. The test sessions with the infants were conducted using the same clinical408

study procedures outlined in Prosser et al. [45]. Test sessions consisted of three 5-minute trials of active409

motor training. Infants were outfitted with the motion capture suit, placed on the SIPPC, and encouraged410

to move toward toys by the therapists. The therapists tested the data recording, trial control, robot and411

parameter control, video streaming, sensor calibration, data management, note-taking, robot state display,412

and infant profile management operations of the GUI. After each testing session, the therapists provided the413

engineering team with feedback about their experience, including the functionality and ease of use of the414

GUI and the expected functionality of the SIPPC. This feedback led to adjustments to the organization and415

operation of the GUI components. In particular, the order of GUI components in the interface was changed416

to reflect the temporal order in which the therapists tended to interact with these different components. In417

addition, we adjusted the range of selectable control parameter values to better reflect the useful range of418

values, as perceived by the therapists.419

The GUI is also robust to different operating systems (OSs) since web applications are designed to be420

browser-based and thus largely hardware and OS agnostic. The GUI was tested on Linux, Windows, Andriod,421

iPhones, and iPads. The GUI layout and styles dynamically changed to accommodate different screen sizes422

and resolutions for various devices such as phones and laptops. The GUI was also tested using the Edge,423

Chrome, Safari, and Firefox web browsers and operated similarly during the sessions in each.424

Data Collection Protocol425

The SIPPC 4 is one of three stages in a larger, ongoing study on locomotor development of infants at high426

risk for CP [45]. The first stage is Early Spontaneous Neuromotor Behavior, the second stage is Prone427

Locomotor Training with the SIPPC, and the third stage is Upright Locomotor Training. The larger study428

will enroll 60 infants. Presently, over 30 infants have participated in the prone stage. The inclusion criteria429
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for the infants in the larger research study are a brain injury at birth without other known genetic conditions430

unrelated to CP. Infants are considered to be at high risk for CP if they have Absent Fidgety movements on the431

General Movements Assessment at 3 or 4 months of age [46] and/or score below the 16th percentile on the Test432

of Infant Motor Performance (TIMP) Scales [47] at 4 months of age.433

For the second stage of the study with the SIPPC, infants participate in prone training sessions, with each434

therapy session ideally consisting of three trials (in practice, the number of trials depends on the disposition435

of the infant). Active training time during each trial is 5 minutes [45]. Sessions are conducted three times a436

week starting when the infant is 5 months of age until the infant is 9 months of age (ages are corrected if the437

infant is born before 37 weeks) or until the infant begins to crawl independently. Prone training sessions occur438

at the infant’s home, at their inpatient bedside, or in a Center for Rehabilitation outpatient location (i.e., CHOP),439

depending on the most convenient location for the family. Currently data collection is ongoing. Further details440

on the participants and the study protocol are in [45].441

For each therapy session, the therapist work with the caregiver to use time with the infant as effecitvely442

as possible. After powering on the SIPPC, a period of four minutes is required to ensure all components443

are booted and initialized. During this time, the motion capture suit is placed onto the infant before placing444

and securing the infant prone onto the platform. Additionally, the therapist open the Session View page of the445

GUI (Figure 6) to verify that all the sensors are connected. Once the SIPPC is ready, the Session View page is446

used to set up and control the SIPPC to guide motor training. The appropriate infant profile is selected based447

on the infant code number (prefix “LL0”) from a drop-down menu on the Session View page. Before each trial,448

the suit and force/torque (F/T) sensors are calibrated by pressing the corresponding buttons in the GUI. The449

initial calibration of these sensors is paramount to the protocol and thus must be completed before trials may be450

initiated. While the IMUs are strapped to the infant, their orientation relative to the joints is unknown. These451

orientation offsets are measured by placing the infant into a known configuration, with both arms extended to452

90 degrees of abduction (to form a ‘T’), the trunk horizontal, and the legs straight with the feet plantarflexed.453

As each segment is positioned, the therapist presses the corresponding calibration button (Figure 6). The F/T454

sensor is calibrated by pressing the “Force/Torque Calibration” button in the GUI (Figure 6), to tare out the455

infant’s weight and mass distribution.456

The therapist then checks the three camera views in the GUI’s video stream to verify that they capture457

all the infant’s limbs and the objects in front of the infant. The robot response and infant control are engaged458

before starting the trial timer by using the corresponding buttons in the Trial Control panel of the Session View459

page (Figure 6). The trial timer will automatically stop once 5 minutes of active prone training has elapsed.460

The therapist can also pause and resume the trial timer, as needed, to turn the SIPPC away from obstacles461

or untangle any cabling or hoses that are connected to the infant (these connections are not related to the462

study). During each trial, the infant is encouraged by the therapist or caregivers to move toward motivating463

objects (e.g., toys, teethers, or caregivers) and practice lifting their head, shifting weight, reaching, kicking, and464

other crawling-relevant movements. During these sessions, the therapist uses the GUI (typically the Session465

View or Parameter Page; Figure 7) for any additional modifications to the robot responsiveness in real-time,466

based on the infant’s performance, skill level, mood, environment, or unique needs for practicing and promoting467

locomotion.468

Results: Therapists-Robot-Infant Interaction469

Most data flowing through the SIPPC system are logged for the entire duration of the data collection session;470

each element of data is time-stamped at a millisecond resolution. Logging commences once the therapist471

provides key session data, including subject and therapist ID, and continues through all session trials. The472

logged data include robot state, infant kinematics, all GUI input events, and any response that the system473
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has to these requests from the therapist. This information allows us to assess how the therapist is using the474

GUI within individual sessions and longitudinally across the full set of sessions. For example, we can measure475

1) the frequency at which the therapist makes adjustments to the SIPPC control parameters and when these476

changes are made (specifically, preceding a trial vs during a trial; Figures 8–10), 2) the frequency of minor477

procedural deviations for situations in which the therapist has some latitude in deciding when or whether to478

perform certain activities (e.g., whether the suit is re-calibrated between trials; Figure 10), 3) longitudinal479

changes in the use of the different control modes and associated parameters (Figures 8–11), and 4) the480

number and degree of completion of each trial within a session.481

482

Usability483

The therapists (and sometimes caregivers) were the main users of the GUI. The therapists report that484

the GUI operated correctly during most sessions. The therapists describe the infants as demonstrating a485

wide range of motor skills and motivation to move at the start of SIPPC therapy sessions. The therapists486

report changing the parameters over time to adapt to the infants and their changes when appropriate.487

Generally, the therapist sets the GRF threshold low in the initial training sessions. This causes more frequent488

robot movements in response to any movement initiated by the infant, including random weight shifts and489

spontaneous extremity movements. The discrete movement distance parameter was also set high so that the490

robot could travel to desired items with few steps.491

With time, many infants demonstrated more consistent, coordinated movements (e.g., reaching, head492

lifting, kicking and weight shifting) to move the robot, indicating that the infant was learning how to use493

their intentional movements to move in the environment. In response, the therapists adjusted the parameters494

to make it more challenging for the infant by increasing the GRF threshold and decreasing the distance that495

the robot travels. The infant then had to produce larger forces and move more to reach desired items in the496

environment.497

For some infants, initial interactions with the SIPPC, or being prone, required the therapist to use an498

alternative approach. An example from the therapist’s experience is one infant who did not tolerate being499

prone on the platform and had very limited tolerance to being prone off of the SIPPC. On the SIPPC, this500

resulted in increased weight shifts, limb movements, and changes in GRFs. The SIPPC’s response to these501

movements and GRF changes was forward motion that further upset the infant. For this infant, being on502

the SIPPC was unpredictable and resulted in the infant being unable to achieve a calm state for engaging in503

the training session. Therefore, the treatment goal for this infant began with increasing tolerance for prone504

positioning on the SIPPC by decreasing movement of the robot. The therapists used the GUI to reduce the505

robot’s response by decreasing the forward distance the robot traveled in response to the infant’s movement506

and to increase the GRF threshold required to move the robot. The gesture recognition modes for the suit507

were also turned off to reduce the likelihood of unintended robot movements in response to limb movements.508

This dampened the SIPPC’s responses such that if the infant produced spontaneous limb movements, it509

resulted in minimal response from the SIPPC, creating a more stable and predictable play environment for510

the infant. As the infant’s tolerance for prone positioning improved, the infant was able to be on the SIPPC511

while remaining calm engaging in play. Then, the therapist was able to adjust the robot parameters to512

gradually increase the responsiveness of the SIPPC. By the end of the intervention time, the infant was able513

to tolerate prone positioning for all three trials, but was not able to produce much movement within his514

environment. Although this infant did not achieve proficiency with moving the SIPPC to interact with the515

environment by the end of the 16 weeks of training, the system was able to be modified to meet the individual516

needs and current skill set of the infant and gradually advanced as this skill set improved.517

In general, the therapists report that the GUI performed consistently across therapy sessions. However,518
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one common critique among the therapists is the inconvenience of scrolling between the video stream and519

main session operations on the Session View page while working with the infant. One therapist would zoom520

out on the page to include more components within a single view. Overall, the therapists reported that major521

issues were rare and found the GUI easy to use and intuitive once they had been trained to use the system.522

When preparing the SIPPC for a therapy session the therapists report needing to spend 5–10 minutes523

in both the home and inpatient settings. Calibrating the suit took less than 30 seconds. In addition, the524

therapists often checked the data streams and sensor status to verify proper functioning of the full system.525

Latencies in these streams are on the order of 10s to 100 ms and are generally not perceived by the therapist.526

The GUI is configured to receive robot and infant data at 10Hz, with the video stream averaging 8 to 9FPS527

during live therapy sessions. In some error conditions (e.g., low data storage space, loose sensor connections),528

detailed diagnostic information from the GUI was sufficient for the therapist to resolve the problem. In other529

instances, the therapists would have to restart the system, delaying the start of the session. On rare occasions,530

some issues such as an interfering WiFi access point or a mechanical failure could not be solved in the field531

by the therapist.532

533

Preliminary Data534

In Figures 8, 9, and 10, we illustrate the data that is being captured, present examples of how the therapist535

uses the GUI, and describe how the therapist changes to control system parameters relate to infant activity.536

An overview of concurrent infant, robot, and GUI parameter data during a single trial for the infant with the537

subject code LL011 is shown in Figure 8. A subset of the parameter values and their changes are shown under538

Therapist Controls in the figure. The times when the infant triggers a discrete assistance and the type (indicated539

by color), are shown under Robot Assistance. The changes in the robot velocities and detected forces are under540

Robot State. The speed of the infant’s wrists and ankles and the head height are under Infant Kinematics.541

In the GUI, therapists can pause trials to temporarily disable the infant’s control of the robot to manually542

drive the robot and reposition it when the infant runs out of forward-moving space. The first row, labeled as543

Trial Paused, has red patches indicating the duration and times when the therapists pause the trial (the pause544

button is found under the Trial Control panel in Figure 6). Under Therapist Controls, in the rows corresponding545

to Assistive Movement Linear Distance, PS Linear Threshold, and PS Rotational Threshold, we see the values546

of several control mode parameters that therapists can change to adjust the robot sensitivity. Assistive Linear547

Distance corresponds to the Distance parameter under Discrete Assistance on the SIPPC Parameters page (Fig-548

ure 7). Decreasing the distance parameter reduces how far the SIPPC will travel after a discrete assist (e.g.,549

power steering) is triggered by the infant. The therapist increases the Power steering (PS) Linear Threshold550

twice, making triggering PS assistance more challenging for the infant. The red bars under Robot Assistance551

indicate that the infant generated enough GRF to trigger PS assistance. The peaks in GRFs (i.e., Forward552

Force and Turning Torque) can be observed whenever PS is triggered. The light-blue box starts slightly553

after 100s. A few seconds before this time frame, the infant triggers left movements using Gesture 1 (G1)554

assistance, followed by forward movements using PS. These are indicated by the blue bars and the following555

red bars, respectively, under the Robot Assistance section. Under the Robot State section, there is a corre-556

sponding positive peak in the rotational robot velocity that occurs just before the left G1 events. Following557

the left G1 events are the forward PS events, that correspond to a positive square peak in linear robot velocity558

under the Robot State section. Then, the trial is paused as indicated by the red patches under the Therapist559

Controls for Trial Paused. After the trial is paused, the therapist manually drives the robot backward and then560

to the right, as seen by the black bars in the Robot Assistance section. Under the Robot State section, there are561

small corresponding negative peaks in the linear robot velocity when moving the robot backward and negative562

peaks in the rotational robot velocity when turning the robot to the right (at around 150s). G1 is triggered by563

infant limb gestures, therefore, we see peaks in the limb speeds under Infant Kinematics. However, due to the564
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complexity of gestures that trigger robot assistance events, it is difficult from just the limb speeds to describe565

the precise gesture that caused the assistance event. Another interesting observation from this figure is the head566

height under the Infant Kinematics section. The head height was relatively constant then started increasing567

sometime before 100s. The peaks indicate the infant was moving their head up and down. Then before 200s,568

the head height appears to stabilize.569

Four example trials for one subject (infant LL013) at different weeks in the study are shown in Figure 9.570

In particular, it shows longitudinal changes in infant activity, changes in how the infant engages with the571

SIPPC, and active changes the therapist is making to the control system parameters during the trials. These572

observations are also supported by Tables 2a and 2b. During weeks 4 and 8 fewer overall Robot Assistance573

events are triggered than in weeks 12 and 16. The number of PS (red) to G1 (blue) infant-triggered assistance574

events is about the same in weeks 4 and 8 (Tables 2a and 2b). In weeks 12 and 16, G1 is triggered at least575

twice as often as PS. The average assistance counts over 4-week periods are shown in Table 2b. A linear576

model is fit to the 4-week averages in Table 2b and the coefficient of determination (R2) and its corresponding577

p-value are computed to identify increases in the use of the robot assistance as the infant matures. There578

is a significant increase in the average number of G1 events throughout the study (p < 0.008). There is no579

strong trend in the average number of PS events (p < 0.574). The average number of PS events increases580

in the middle of the study and then drops in the last four weeks. Additionally, we observe changes in how581

the therapist modifies the parameters over time. In week 4, the therapist adjusts parameters multiple times582

throughout the trial. In week 8, the therapist adjusts the parameters once in the middle of the trial. In weeks 12583

and 16, the therapist adjusts the parameters within the first 100s of the trial. Lastly, most of the infant-triggered584

robot assistance events are in the forward direction and the number of events increases from weeks 4 and 8 to585

weeks 12 and 16.586

Figure 10, along with Figure 11, illustrate the high-level control mode choices that the therapists are587

making longitudinally and their potential impact on assistance events across the infants. As part of the therapy588

standard procedure, therapists calibrate the suit (blue) at the beginning of each trial, though is not required so589

as to give the therapist flexibility in working with the infant. Out of 1382 trials, the suit is calibrated for 89%590

of them.591

Therapists also have the option to write notes (Session Notes; orange) in the GUI during trials. This feature592

is used on average for 72% of the trials for most infants. Additionally, the therapists used the GUI to enable593

the control modes Power Steering (PS; green) and G1 (Gesture 1; red) during most trials (99% and 85% of594

the trials, respectively). In particular, the trials where each control mode is enabled for more than 50% of the595

trial duration, are seen in Figure 10. G2 (Gesture 2; purple) is typically enabled when G1 is turned off, such596

as in weeks 4 through 12 for infant LL041. G2 is typically unused during trials early in the study because G2597

requires more precise movements to be triggered; exceptions are infants LL006 and LL015. Generally, G2598

is enabled in trials later in the study, such as for infants LL016 and LL028. For infants, LL040-LL042, the599

therapists enabled G2 for at least half of the weeks in the study. In Figure 11 are the 4-week averages of the600

assistance counts across infants. As expected, infants who have G2 enabled for a consistent time frame have601

non-zero average event counts during one or more 4-week periods. G1 appears to have the most counts602

more often than PS. However, these counts are also impacted by therapist decisions for parameters such603

as the PS thresholds. Figures 9 and 11, and Table 2 are consistent with the observation for infant LL013604

that the PS is triggered less than G1. Increases in PS thresholds seen in Figure 9 suggest the influence605

of these parameters on potentially favoring G1 over PS, since increasing PS thresholds makes triggering606

PS more challenging. A more detailed analysis comparing kinematics, GRFs, assistance counts, and robot607

behavior with the therapist’s chosen parameter values will provide further insight into the infant behavior and608

development. It will be discussed more in future work.609
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Infant LL013 Power Steering Gesture 1
Week 4 13 11
Week 8 10 15
Week 12 16 32
Week 16 8 32

(a) Discrete assistance counts for trials in Figure 9

Infant LL013 Power Steering Gesture 1
Week 1 to 4 7.2 15.9
Week 5 to 8 9.1 20.3
Week 9 to 12 9.9 25.7
Week 13 to 16 4.1 33.2

R2 0.1815 0.9841
p-value 0.574 0.008

(b) 4-week averages of the discrete assistance counts for
infant LL013

Table 2: Example of 4-week assistance count data. (a) lists the total number of Power steering (PS) and ges-
ture 1 (G1) events for each trial in Figure 9, and (b) lists the 4-week averages of the number of discrete assistance
events for infant LL013. This can provide a general understanding of changes in infant engagement with the
discrete assistance events in an environment where the therapist’s parameter decisions also affect the counts.
A linear model is fit to the average assistance counts to compute the strength of the relationship between the
week in the study and the assistance counts. This is indicated by R2 (coefficient of determination) and the
corresponding p-value. This is an example of one type of analysis that can be performed to understand and
summarize longitudinal patterns for each infant.

Discussion610

Infants at high risk for CP often have limited opportunities to experience movement than their peers and many611

do not learn independent prone locomotion skills. The development of the SIPPC 4 assistive crawling robot612

was guided by prior versions [21–23, 27, 44] and our proposed design principles. The current version of the613

GUI augments and expands upon the contributions of the prior SIPPC studies. Based on preliminary data614

and feedback from the therapists, the GUI facilitates personalized motor training opportunities for infants615

at risk of CP and with motor delays. Prone training on the SIPPC, in conjunction with guidance from the616

therapists using the GUI, provides infants with CP with more opportunities to practice prone skills that will617

encourage locomotion (e.g., head lifting, weight bearing on the arms, and reaching) while teaching the infants618

that purposefully initiated actions can result in successful movement towards a desired goal. Using the GUI619

to adjust the feedback also offers an intuitive method of communication with the learner, particularly when620

communication challenges are present (e.g., with infants).621

The GUI provides an approach for data monitoring and documentation to observe therapist-robot-infant622

interaction and infant performance (Figures 8–12). The unique design of the SIPPC GUI as a web application623

makes it uniquely available to all authorized users with any WiFi-enabled devices (e.g., laptop, tablet, phone)624

in their favorite browser. No special installations or configurations are required for therapists or caregivers625

to easily access the GUI to monitor infant and robot behavior or modify the therapy. The GUI design also626

makes it easy for authorized users to share data and parameter configurations with post-processing systems627

or between other SIPPC robots, all from the same interface.628

From Figure 9 and Tables 2a and 2b, Infant LL013 showed an increase in Gesture 1 (G1) movements,629

suggesting potential improvements in limb movement generation and coordination, as well as influences630

from the therapist’s parameter decisions. The Power steering (PS) thresholds may be high enough such631

that G1 assistance events are more likely to trigger instead (since only one discrete movement may be632

triggered at one time). Data available through the GUI provides the potential to monitor longitudinal changes633

in locomotor behavior, skill, and their relationship to actions taken by therapists to guide motor training. A634

variety of control modes (Session Configuration section in Figures 6 and 10), with variable levels of assistance635
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(Parameters in Figures 7 and 8), are available for adjustment by the therapist in the GUI. The control modes and636

assistance levels allow infants at any developmental stage and motor level to explore and practice actions that637

are precursors to crawling (design principle 1). For example, the infant who the therapists reported initially did638

not tolerate being prone. The therapists were able to change the parameters in the GUI and modify the robot639

response such that the infant could acclimate to being prone and on the SIPPC. From Figure 10, although we640

observe the therapists enable PS more often than G1 for most sessions (99% and 85% of trials, respectively),641

we often see more G1 assistance events in many infants. This further implicates the need to analyze therapist642

treatment decisions with infant performance and robot response. This will allow us to quantitatively describe643

infant-specific choices therapists make. Such analyses will be performed in future work after completion of644

data collection.645

From Figure 10, there are some consistent aspects of the therapy implementation, such as an adherence to646

the suit calibration before most trials. For approximately 89% of trials, the suit is calibrated before beginning647

subsequent trials. The GUI only mandates the suit calibration for the first trial at the start of the session648

and provides flexibility in calibrating subsequent trials for therapists to accommodate unique infant needs. In649

addition to suit calibration, the therapists choose to enable PS and G1 most of the time and consistently650

disable G2 early in the study for most infants. If G2 provides a useful training strategy early on for an infant,651

such as LL041 and LL042, then the therapists continue using G2 throughout most or all of the remainder of652

the study. Since the robots can share subject parameter configurations, this can easily be communicated to653

all therapists conducting therapy sessions for a particular infant.654

Motivated by design principle two, the robot acts as a mediator from performance to results. The robot655

measures the infant’s real-time performance using the kinematics and GRFs, and augments the infant’s actions656

to encourage continued motor exploration. The infant performance relative to the robot response can be seen657

in Figures 8 and 9. We can identify when the robot moves and which limbs contribute to the movement.658

For example, in Figure 8, around 0s, a left robot movement is triggered due to G1 (blue bars under Robot659

Assistance). The peaks in the RightWrist Speed and the Left Foot Speed suggest they are the likely contributors660

to triggering the assistance from G1. There is also a peak in the Robot Rotational Velocity, which is a left turn661

of the robot. At around 100s, peaks in the forward force trigger power steering and a forward robot movement.662

Most of the limbs likely contributed to the generation of this net force since multiple and frequent changes in663

limb speeds are observed under the Infant Kinematics. Additionally, in this particular trial, the right foot sensor664

was not collecting data due to a damaged cable. However, the SIPPC and GUI still operate functionally for665

therapeutic purposes since the SIPPC has control modes that are independent of the suit (i.e., Force Control666

and Power Steering). This suggests that multiple control strategies defined by different performance measures667

(e.g., force vs gesture) can be an approach to help enhance robustness to failure in clinical settings and reduce668

the likelihood of missed or failed sessions.669

In Figure 9, we observe potential longitudinal behavioral changes in an infant LL013 as the changes in670

forces and limb speeds. We also see changes in the relative adjustments made by the therapists to the robot671

parameters (e.g., changes in PS thresholds). From the first 4 weeks to the last 4 weeks, the infant is triggering672

the robot assistance more frequently on average (Table 2b). G1 is triggered relatively more than PS in the673

later weeks. This might be due to changes in the limb movement and coordination relative to changes in674

strength to generate GRFs. However, this will also be impacted by the PS Thresholds. For example, the PS675

Linear Threshold is increased by the therapist near the beginning of the trials in weeks 12 and 16, whereas, the676

threshold is increased later in the trials in weeks 4 and 8. This increase in the PS threshold makes it more677

challenging to trigger PS and potentially increases the likelihood for G1 to be triggered instead since only one678

discrete assistance can be triggered at a time. This behavior could be ideal when an infant has met sufficient679

strength goals and the therapist wants to encourage the generation of more coordinated limb movements.680

Moreover, the real-time robot response adjustment capabilities provided through the GUI make it possible681

for the therapists to help address real-time changes in infant mood and behavior as well as longitudinal changes682
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in motor skills. For instance, from the therapist reports in the Usability Section, therapists can support infants683

who are initially responsive to therapy and infants who initially don’t respond well to various aspects of prone684

training. The therapists were able to provide and progressively increase the challenge of the therapy session685

for the infants that were open to being on the SIPPC. As these infants became advanced in generating686

goal-directed robot movements (e.g., continuous movement towards toys), the therapist can immediately687

reduce the sensitivity of the robot response by either removing the suit recognition modes, increasing the688

GRF threshold for PS, or reducing the distance that the robot travels in response to infant movements. In689

situations where infants are uncomfortable on the SIPPC, the therapists also reported being able to guide690

these infants toward obtainable motor and behavioral goals. This was typically done by reducing the sensitivity691

of the robot to avoid upsetting the infant. This was done by disabling the gesture recognition modes and692

reducing the distance the robot moves. Once the infant became comfortable on the SIPPC, these control693

parameters were gradually and slowly restored to typical starting values.694

Consistent with design principle three, the SIPPC GUI provides the therapist with detailed feedback (Fig-695

ures 6, 8–12) that can be used dynamically to modify the behavior of the robot to further guide locomotor696

learning. By adjusting the robot behavior, motor training difficulty can either be decreased to motivate the in-697

fant or increased to challenge the infant. The ability to adjust the difficulty is crucial to prevent dependency on698

the robot-assistance, ensure that progress translates to daily life [4, 16] and is necessary to provide personalized699

care for precision rehabilitation [19]. This approach can provide the infants with more opportunities to move700

within their abilities and skill level while also allowing them to practice increasingly difficult actions.701

Limitations702

While many useful outcomes have been observed with the current application of the SIPPC-GUI system, some703

challenges have also been encountered. The current analyses are limited quantitatively because data collection704

is still ongoing. In future work, the complete analysis will compare all data from the SIPPC-GUI system (i.e.,705

robot velocities, robot forces, robot parameters, infant kinematics, force, and video data, and GUI events).706

Presently, we describe the GUI design, its behavior and function, and a detailed qualitative analysis of the707

preliminary data to lay the groundwork for a more comprehensive analysis that will be done as future work.708

Another challenge is the 4–5 minutes start up time for the robot and GUI to finish booting and initializing all709

components. This is particularly problematic as some infants have limited tolerance for waiting for a therapy710

session to start. Because of the interplay between the large number of hardware and software components,711

there exist substantial constraints on this boot-up sequence. Current timing was selected conservatively to712

ensure that all these timing dependencies were met. This full boot-up process will be evaluated in future713

work as the current version of the robot is mainly for research use.714

Additionally, when therapists pause the infant’s control to manually drive the robot, there are some instances715

when the infant is still performing an action. An example of this can be seen in Figure 8 after 100s. The infant716

is still moving the limbs at similar speeds while the therapist has paused the trial. Due to the trial pause, this717

action will have no impact on the robot response, even for intentional movements. Therefore, these pauses718

should be as short as possible, especially when the infant becomes more skilled.719

Another limitation of the system is related to the camera view alignment. Camera alignment is not automatic720

and must be adjusted manually by the therapist such that the infant’s limbs are clearly visible in the video feed721

shown in the GUI. Failing to take this step can negatively impact the human-driven analysis of the infant-robot722

behavior. Future system components could automatically analyze the incoming images and confirm that the723

alignment is sufficient.724

The system can also be impacted by certain physical attributes of the therapy environment. In particular,725

certain flooring, such as some tiles and carpets, can alter the mobility of the robot, whereas infants might have726

little issue crawling over these same flooring conditions. Therefore, the parameter settings might need to be727
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adjusted more often early in a session to improve the robot response to the flooring. The last limitation of the728

system is that the GUI presents a fixed organization of the graphical components. Future work could allow the729

therapists to customize the layout of Session View to make their interaction with the GUI more efficient and730

specific to their particular style of interaction.731

Clinical Implications732

The SIPPC offers a flexible and transportable system to adapt to the unique developmental path of each infant.733

It is crucial to provide rehabilitation that meets the individual needs of each infant. The design principles we734

have proposed in conjunction with the SIPPC and its GUI enable therapists to customize therapy contingent735

upon the specific needs of the learner and adjust the motor training difficulty to the unique skill level of each736

individual. In particular, infants with CP can face various combinations of challenges such as reduced strength,737

endurance, or coordination. The selection and configuration of GRF-based control modes such as PS, can738

address strength and endurance training. The gesture-based control modes (G1 and G2) can support infants739

who struggle with coordination or strength. Moreover, the combination of these types of control modes can740

target all these challenges for an infant who needs practice with each of them. The GUI is a valuable tool741

in providing a unique and individually tailored training program while utilizing the same general intervention742

approach for a variety of infant skill levels.743

When providing intervention to facilitate developmental skill acquisition, it is important to provide a train-744

ing environment that includes skill specificity, motivation for the infant, and modulated activity appropriate to745

the current skill level [7, 13, 21]. Using the GUI with SIPPC training allows for all of these conditions to be746

met and applies to a variety of infants. The SIPPC allows for crawling-like movements to result in forward747

motion toward desired toys (Figure 12). The GUI allows the activity to be easily and efficiently upgraded or748

downgraded to meet an appropriate training intensity for each infant (Figures 6–10). This feature is particularly749

important to tap into motor learning principles for developmental skill progression and precision rehabilitation.750

The activity needs to be challenging enough to continue to entice the infant into performing new and increas-751

ingly difficult skills, without being too challenging and resulting in decreased motivation for task performance.752

Future Work753

Future work will aim to improve the therapist’s interaction with the robot through the GUI. Improving the boot-754

up speed of the SIPPC and GUI can further optimize time spent in motor training with infants. Additionally,755

wider angle video feeds or automated positional control of the cameras in the GUI can further increase the time756

that infants spend in motor training with the guidance of the therapist. However, the cameras are predominately757

for research use and not for pure clinical applications. The large amount of data available in the GUI can be758

overwhelming, therefore the ability of the therapists to quickly and easily customize the data presented in the759

GUI can further improve the quality of prone locomotor training for infants.760

Future quantitative longitudinal analyses of the concurrent infant, robot, and parameter session data will be761

used to measure the design performance. For example, coders evaluate infant behavior and motor skills from762

the video collected during the sessions. These data will be compared with robot and parameter data to assess763

how therapist control changes impact infant locomotor behavior.764

Future work should also apply these design principles to other assistive therapy devices, age groups, and765

motor disorders. The general design and layout of the GUI, and overall SIPPC system, can be adapted to other766

groups and devices such as robotic assistive gait devices. In the current system, user actions in the GUI send767

change requests to the robot control system. This same workflow can be applied to the corresponding control768

system of any robotic device and provide therapists with detailed control over the behavior of the robotic769

therapy device. Additionally, ROS is used to manage data communications between the robot controls, the770
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sensors, and the GUI. This can be applied to the integrated sensors that are a part of any robotic device771

to send sensor data to the GUI for display to the user. These data can be displayed in the manner most772

pertinent to the therapy objectives.773
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ROBOT SYSTEM
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Figure 4: Data Flow Diagram. Active communications, in the rounded rectangles, refer to data transmissions
during therapy sessions, such as the movement of video data between the main and video RPi’s. Inactive
communications, in the rectangles, involve moving data before or after sessions. Recorded session and robot
data stored on the robot are uploaded to secure remote cloud storage and session configurations, parameters
and notes can be downloaded, allowing different robots to be interchangeable. The control state is comprised
of sensor data from the force/torque (f/t) sensor and information about the wheels’ state. The control state
also provides the connection status of the f/t sensor and the wheels. Control state change requests are petitions
to alter the state of the wheels. The suit state consists of sensor data from the IMUs in the motion capture
suit, in addition to the connection status of each sensor. The camera state contains the parameters brightness,
contrast, exposure, and focus values for all three cameras. A change request for the camera petitions to adjust
any of the camera parameters. The video stream is a composited video of the three camera views and a set
of data plots. The session state is an amalgamation of information about the current session and trial, such
as the subject number, if data recording has started, if the trial has started, the trial number, and the attending
therapist. Session state requests petition to alter aspects of the session state such as requesting to start recording
or selecting a subject. Processors states describe the CPU load and available memory and disk space for each
of the RPi’s. The recorded robot, video, and session data are uploaded to secure cloud storage after the session
has ended and once the robot is connected to the internet via an Ethernet connection on the main RPi. The
subject parameter sets and session notes can be uploaded and downloaded as well.
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ROBOT LAN

ROBOT SYSTEM
bridge (RPi)
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Figure 5: Diagram of network and device connections. The robot has five specialized processors (RPi’s and
two Mbed microprocessors) that communicate via Ethernet. The main RPi acts as an access point and web
server broadcasting the SIPPC local network and GUI. The robot is connected to the internet through main
RPi to synchronize data between secure remote machines and other SIPPC robots. The video RPi (sippcvideo)
is dedicated to capturing and compositing the camera videos and data plots. The control Mbed (sippccontrol)
monitors and manipulates the wheels and force/torque (F/T) sensor. The suit Mbed is connected to 12 IMUs
on the motion capture suit.
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Figure 6: Session view is the main page, consisting of the most relevant operations necessary for the therapists
to perform therapy sessions and provide the infant with as much attention as possible. Therapists receive a
summary of the robot status (System Status), can select the infant code and therapist name, calibrate the suit,
view velocity, force, and infant limb data in real-time, modify robot control modes and parameters (Session
Configuration), manage the trial, drive the robot (Manual Assist), and write notes about the active session.
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Figure 7: Parameter page for adjusting how the robot responds to infant movements. Discrete assistance param-
eters specify the distance, angle, duration, and time between discrete robot assistance triggers. Power steering
parameters specify the threshold GRFs that trigger robot assistance. Force/Torque Sensor parameters manage
the filtering of the sensor noise. Force/Torque Control parameters specify the magnitude of the proportional
force assistance.
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Direction of 
Assistance

Discrete Assistance Type
| G1
| PS
| Manual

Figure 8: Summary of select robot and parameter data during one trial for infant LL011, during Week 4. The
section titled Therapist Controls contains some of the parameters in the GUI that the therapist can adjust to
personalize the motor training trial (PS is power steering). Therapists can pause the trial (Trial Paused), adjust
the linear distance the robot moves when the infant triggers an assistive response (Assistive Movement Linear
Distance in centimeters), adjust the linear GRF threshold (in Netwons) to trigger PS, and adjust the rotational
GRF threshold (in Newton-meters) to trigger PS. The Robot Assistance section shows the discrete robot
assistance events that are triggered by the infant’s movements as vertical tick marks. Black indicates manual
assistance where the therapist drives the robot, red indicates power steering, and blue indicates Gesture 1 (G1).
The Robot State section shows the robot velocities (in cm/s) and sensed forward forces (in Newtons) and
turning torque (in Newton-meters). The Infant Kinematics section shows the infant limb speeds (in cm/s) for
the wrists and feet, as well as the height of the head (in centimeters). The light blue box highlights a region
when the therapist paused the trial, right after the infant made a series of forward movements triggered by
Power steering in red under Robot Assistance. While the trial is paused, the therapist manually moved the
SIPPC, indicated in black under the Robot Assistance. In this particular trial, the right foot sensor was not
collecting data due to wear-and-tare on the cable. However, the SIPPC and GUI still operate functionally for
therapeutic purposes despite a sensor missing.
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Figure 9: Longitudinal changes observed during trials for one infant
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Figure 10: Use of GUI operations (suit calibration and session notes) and control modes (Power Steering,
Gesture 1, and Gesture 2) across trials and infants. The bars for suit calibration indicate the suit was calibrated
before starting the trial. The bars for the session notes indicate that the therapists wrote notes during the session.
The bars for the control modes indicate when the therapists enabled the control mode for at least 50% of the
trial duration.
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Figure 11: 4-week averages of the assistance counts for 19 infants. Assistance counts for Power steering (PS),
Gesture 1 (G1), and Gesture 2 (G2) are presented here as averages of every 4 weeks. G2 is rarely turned on,
thus few assistance events are triggered for it overall. G1 is more commonly the most triggered assistance type
for most infants, such as LL011 and LL013. For some infants, we see a steady increase in the average assistance
counts for PS or G1. For some infants, these trends appear relatively constant or decrease. These counts are
influenced both by infant behavior and therapist decisions.
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Figure 12: Real-time Video Feed. The top two panels capture all the limbs from the tip of the toes to the
hands. The bottom left panel captures the front of the infant and what the infant is looking at. The bottom
right quadrant shows a subset of the captured data. The kinematic skeleton of the limb and trunk positions are
displayed along with the corresponding force/torque, robot velocity, and discrete assistance.
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Supplemental Materials786

Figure S1: Post Processing page for synchronizing data with the cloud database and compressing the video
files before uploading. The green WiFi symbol at the top right of the page indicates whether there is an internet
connection to perform the data uploading. Data can be deleted only after it has been uploaded to free up space
on the robot. The data management steps are presented in the order of their intended operation and cannot be
performed while the data is recording for a session.
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Figure S2: System Details page for diagnosing issues with various aspects of the robot system. Users can view
the status of each wheel and specific sensors. Users can also view details about the three main robot processors
(sippcbridge, sippcvideo, and sippcux).
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