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We aim to demystify the development of neuro-biomechanical modeling in OpenSim with zero configuration, easy to share models while accessing to free GPUs on a web-based platform of Google Colaboratory. OpenSim is an open-source biomechanical package. OpenSim is used in a variety of applications and developed in C++; however, it is available for a wide range of users with bindings in MATLAB, Python, Jython and Java via OpenSim Application Programing Interface (API). OpenSim installation on a personal computer is well described by the developers but its implementation may still be time-consuming and challenging for the new users. Cloud-based computing is expanding in almost all engineering domains with zero configuration, though it is in its early stages within biomechanics community. In this study, we aim to access OpenSim functionality on the Google cloud platform. The methods can also be used in other cloud-based platforms. We installed OpenSim on the Google Colab via Anaconda cloud and named it OpenColab. To use OpenColab, one requires only a connection to the internet and a Gmail account. Moreover, such a platform enables the users to access vast libraries of machine learning available within free Google products e.g., TensorFlow. OpenColab takes advantage of zero configuration of cloud-based platforms even on a smart phone, provides access to free GPUs and enables users to share and reproduce modeling approaches for further validation. Finally, we performed inverse problem in biomechanics and compared OpenColab results with OpenSim GUI’s for validation. Step-by-step installation processes and examples can be found freely at: https://simtk.org/projects/opencolab.


[bookmark: _Toc69467537]Introduction 
Using computational tools to understand human and animal neuro-musculoskeletal system (NMSK) is vital since we cannot quantify these functions using only experimental measurements. NMSK models are powerful tools that use numerous computer-based, mathematical, and physics-based concepts to study the function of different muscles, joints, ligaments during daily activities (Blemker et al., 2007; Bruno et al., 2017; Delp et al., 2007; Halilaj et al., 2018; Mokhtarzadeh et al., 2021, 2013). To date, using these tools requires a great deal of computer programing background and some basic understanding of neuro-musculoskeletal system (de Zee et al., 2007; Delp et al., 2007). Moreover, application programing interfaces (APIs) are developed to help a wider community to utilize the functionalities of computational models. However, they still require installation and change in configurations to setup for further analyses particularly when several propel work on one project. Such efforts to utilize biomechanical models can create a resistance among clinicians and end-users who may not be experts in programming. Moreover, it is of great importance to address clinical needs (Fregly, 2021), reproducibility, and easily sharing the models (Erdemir et al., 2016). This would be even more challenging when there is no standard platform that scripts can be written and executed. 
Several biomechanical tools have been developed in the last few decades from open source or in-house packages including OpenSim (Delp et al., 2007), Anybody (Damsgaard et al., 2006), Toyota THUMS (Iwamoto et al., 2015), Finite Element Models (Vychytil et al., 2014) to name a few. However, it is still impractical to use these platforms toward reproducibility, validation, verification and sharing models in a wider community (Erdemir et al., 2019, 2018, 2016; Fregly, 2021). To this end, Open-Source software packages that can be installed on the web (e.g., Google Cloud) play a major role so that everyone can access them via the internet. One of these web-based platforms is Google Colaboratory (Colab) which is a Jupyter based project where python programs can be written and executed on the web. Cloud-based computational platforms enable users to avoid high cost of hardware and software while providing scalability of their product and models.  
Especially during remote work that became a new norm following COVID19 pandemic (Amis and Greenwood, 2021), having access to cloud-based tools are becoming paramount which may promote collaboration and creative approaches despite setbacks of working remotely (Asia et al., 2020; George et al., 2020; Pardo et al., 2020; Storm, 2020). This paper provides a set of freely available computational tools to address the above shortcomings regarding collaboration, validation, and reproducibility of biomechanical models in OpenSim. Thus, the aim of this paper is twofold: a) to install OpenSim software on the cloud with zero configuration for the user so that everyone can access it via the internet using Google Colab. b) To validate the outcomes of OpenSim analyses on the cloud with OpenSim’s Graphical User Interface (GUI). We name it OpenColab project where OpenSim is installed in Google Colab. OpenColab is a freely available platform which can facilitate collaboration on biomechanical model development via web-based tools.
[bookmark: _Toc69467538]Methods
Using OpenSim libraries and Google cloud plus Anaconda cloud, we solved several examples developed in OpenSim and obtained the outcomes then compared with OpenSim GUI results. All these steps were performed without installation of any software on a user’s personal computer; thus, can be installed on a Linux machine using Conda. All the prerequisites and dependencies were imported online via a browser e.g., Google Chrome. Below, we briefly explain the details of how these procedures work with many examples from validated OpenSim resources. More information and step-by-step tutorials regarding the details of installation process can be found in Supplementary materials 1 to 3. Please run the accompanying Jupyter notebook in Google Colab to reproduce all the results in this study (Supplementary materials 2 and 3). 

[bookmark: _Toc69467542]OpenSim in Google Colaboratory (OpenColab)
This paper focuses on how to generate the latest Conda package for OpenSim and install it in Google Colab. It is worth noticing that there are four common types of Conda package (windows, linux-64, macos, noach). However, to make it compatible with Colab, we need to generate a linux-64 based Conda package (Supplementary 1). To build the OpenSim in Conda, we performed the following steps. First, we setup a virtual machine environment for linux-64. Second, we download all the OpenSim dependencies. Scripts were written to generate a Conda package. The new package was uploaded to the anaconda cloud and then tested to make sure the generated package works correctly in the Colab. To build the Conda package the followings are required: 20GB storage and 4GB memories. The whole process may take over 4 hours. Finally, we run several examples and compared the outcomes with OpenSim GUI. 
All the examples described in this study can be found in the following notebook and freely available (https://simtk.org/projects/opencolab/). The following steps will help the users to access all OpenSim methods and current models from GitHub except the possibility of 3D model visualization. 
We imported OpenSim files from OpenSim official GitHub for comparison with OpenSim GUI (Supplementary material 2 i.e., Jupyter Notebook and Supplementary material 3 i.e., an introductory video). Next section explains the OpenSim workflow to solve inverse problem in Biomechanics. In this study, we installed OpenSim version 4.2 on the Colab which is the latest version (Figure 1 and 2). 
OpenSim workflow in Google Colab 
The gait data is from OpenSim resources. The subject’s mass and height are 72.6 kg, and 1.80 m, respectively. We used gait2354 model for further analyses. Gait data and relevant OpenSim setup files were imported from GitHub. Data analyses and visualizations were performed using Plotly and Pandas packages (Figure 1). 
To scale a generic model, we import ScaleTool from OpenSim libraries and run it in Colab (Figure 2). The scaled model will be written in a predefined results folder in the scaling setup file. Following scaling, IK in OpenSim provides optimized joint motions by minimizing a cost function based on anatomical markers in an experiment (Delp et al., 2007). 
Inverse dynamics (ID) tool provides generalized joint moments during a movement. Similarly, Residual Reduction Algorithm (RRA) adjusts the model for dynamic inconsistencies and provides joint movements too (Figures 2).  
Step 1: Install OpenSim Package on Google Colab 
The following script installs OpenSim on the cloud (Figure. 3) and print the version insalled.
Step 2: Upload OpenSim models and setup files
All relevant files and models are copied on the cloud from GitHub for further analyses (Figure. 3).
Step 3: Explore an OpenSim model details e.g. joints, bodies, muscles
Followign installation of OpenSim, we first check some details of a generic model using the following scripts (Figure. 4). 
Step 4: Perform OpenSim Pipeline (Inverse Problem)
Finally, we run the followign scripts (Figure 5) to perform OpenSim workflow from scaling all the way to predicting muslc function (Seth A, Hicks JL, Uchida TK, Habib A, Dembia CL, Dunne JJ, Ong CF, DeMers MS, Rajagopal A, Millard M, 2018). 
Results
The outcomes of scaling a generic model in OpenSim GUI and Colab matched well (Total squared error = 0.04). As shown in Figure 6, lower limb joint motions, moments following inverse kinematics, inverse dynamics and RRA matched well in both approaches. There were some minor discrepancies between GUI and Colab when ankle IK and knee joint’s ID and RRA were compared. These differences are negligible and may be related to underlying computational errors. 
Moreover, when major lower limb muscles were compared, GUI and Colab outcomes results in comparable outcomes (Figure 7). Again, minor magnitude changes in e.g., quadriceps muscle force prediction between these two methods can be related to computational procedures in calculation of kinematics and kinetics. All the results are presented in one gait cycle based on right leg foot strikes. Finally, these outcomes can be replicated in the notebook provided with this paper (Supplementary 2).
[bookmark: _Toc69467547]Discussion
We have developed a simple framework to use OpenSim on the cloud via a web browser with minimal package installation and zero configuration on a PC. This package can be even used on a smartphone via Google Colab. We have presented several examples that researchers, clinicians and everyone who is interested in movement science can run, modify, or adapt to their research. All the processes to install OpenSim is documented and freely available via https://simtk.org/projects/opencolab/. Such frameworks extensively being utilized in Computer Science projects and shared within ML and AI experts (Boswell et al., 2021; Kidziński et al., 2020). Biomechanics community can benefit significantly by adapting to such useful tools. OpenColab as a simple biomechanical framework allows us to share, collaborate, do research, and understand human movement in a much easier way on the cloud. OpenColab user only needs access to the internet and a Gmail account to utilize the functionalities of OpenSim. 
Limitations
There are several limitations in developing OpenColab framework. First, Google Colab is in its early stages. Its 3D visual performance is not yet up to the speed of a PC. Thus, 3D visualization of a simulation can be the future direction of research. However, we believe with advancement of visual TensorFlow, we might soon have access to a vast library of 3D visualization. Second, since Google Colab is free to all, thus it may shut down unexpectedly (runtime crash esp. when users, and developers give some wrong inputs). There is a premium version of Google Colab that can help researcher to use it for a longer time. We tested and validated our installation on Google Colab; however, other cloud-based methods need to be tested such as Microsoft Azure, Amazon AWS. Using Google Colab still needs some programming skills. Nevertheless, we aim to build user-friendly GUIs within Google Colab so that beginners can benefit from OpenColab framework. Finally, debugging a code in Colab is still in its early stages, but more features are being built within the Colab by the community and developers.
[bookmark: _Toc69467548]Future research directions
Several new features can be implemented in OpenColab. These include design of a windows version package, visualization of 3D models and outcomes, automated OpenSim workflows (e.g., from data collection to data analyses), optimized use of Google Colab’s vast machine learning libraries such as TensorFlow, importation of Imaging data (e.g., MRI, CT scans) into OpenSim models (Anderson, Dennis; Mokhtarzadeh, Hossein; Allaire, Brett; Burkhart, Katelyn; Bouxsein, 2020; Bruno et al., 2017; Mokhtarzadeh et al., 2020). We also envision that reviewers of neuro-biomechanical modeling can access to all the codes, and data analyses to reproduce all the results (Boswell et al., 2021; Kidziński et al., 2020).
Conclusion
Neuro-Biomechanical modeling on the cloud is possible with the current technologies. This paper presented how to install and develop biomechanical models on the web with zero configuration. Such a platform can open new avenues in developing, sharing, and reproducing of biomechanical models. These abilities are crucial among end users including but not limited to clinicians, sport scientists, occupational therapists, and robotics researchers. 
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Figure Captions

Figure 1: OpenColab Framework. Motion data is collected in the lab upload to the cloud e.g., GitHub. This data can come from different sources such as IMUs, marker data or RGB data from e.g., Kinect, etc. OpenSim libraries are installed in Google Colab via Anaconda Cloud. Using OpenSim libraries and motion data, one can perform variety of analyses including scaling, inverse dynamic, inverse kinematic, static optimization, computed muscle control easily on the explorer and finally share their results and scripts with others. The visualization and future machine learning (e.g., TensorFlow) parts also can be done in Colab via e.g., PlotLy, Pandas package. The dashed line from OpenSim to GitHub shows how we imported GUI results into GitHub and later cloned in Google Colab for validation with OpenColab outcomes. 
Figure 2: OpenSim inverse problem workflow. Data collection normally occurs in a lab. Then a generic model (e.g., gait2354) is adjusted i.e., scaled. Inverse dynamics (IK) provides joint motions. Residual Reduction Algorithm (RRA) like inverse dynamics (ID) calculated joint moments. Static Optimization (SO) or Computed Muscle Control (CMC) are used to predict muscle forces or neural activities (Delp et al., 2007; Mokhtarzadeh, 2013).
Figure 3: OpenSim installation on Google Colab (Step 1) and importation of OpenSim models and setup files from GitHub (Step 2).
Figure 4: Exploring the OpenSim’s generic model and their elements. All the outputs can be confirmed and reproduced in the Supplementary 1 notebook.
Figure 5: OpenSim workflow including scaling, inverse kinematics, inverse dynamics, residual reduction algorithm and computed muscle control.
Figure 6: Major lower limb joint kinematics and kinetics calculations using OpenColab and OpenSim GUI. r_colab (solid, black): right side in colab. r_GUI(dashed, black): right side in OpenSim GUI. l_colab (solid, grey), l_GUI (dashed, grey).
Figure 7: Major lower limb muscle force predictions using OpenColab and OpenSim GUI. This is a gait cycle for the right leg (0-100%). r_FO stands for right foot strike event. r_colab (solid, black): right side in colab. r_GUI(dashed, black): right side in OpenSim GUI. l_colab (solid, grey), l_GUI (dashed, grey).

Supplementary materials
1. Step by step tutorial to install OpenSim on Anaconda Cloud
2. OpenColab Ipython notebook (OpenColab.ipynb)
3. A short video to introduce OpenColab and how to use the notebook
