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ABSTRACT: Analyzing hydrogel microstructure through scan-
ning electron microscopy (SEM) images is crucial in under-
standing hydrogel properties. However, the analysis of SEM
images in hydrogel research heavily relies on the intuition of
individual researchers and is constrained by the limited size of
the dataset. To address this, we propose SEMPro, a data-driven
solution using web-scraping and deep learning (DL) to compile
and analyze the structure−property relationships of hydrogels
through SEM images. It accurately predicts the elastic modulus
from SEM images within the same order of magnitude and
displays a learned extraction of modulus-relevant features in
SEM images as seen through the nontrivial activation mapping and transfer learning. By employing Explainable AI through
activation map exposure, SEMPro validates the model predictions. SEMPro represents a closed-loop data collection and
analysis pipeline, providing critical insights into hydrogels and soft materials. This innovative approach has the potential to
revolutionize hydrogel research, offering high-dimensional insights for further advancements.

Understanding mechanical properties is crucial in
materials research and development as it allows
researchers and engineers to select the most suitable

materials for realizing specific properties and applications.
Hydrogels, composed of a complex, three-dimensional cross-
linked hydrophilic polymer network that can absorb and retain
a large amount of water (70%−99%),1 are one of the most
commonly used materials for applications in biomedical
engineering,2 drug delivery systems,3 tissue engineering,4,5

and wound dressings6 because of their distinctive character-
istics such as high biocompatibility, soft and elastic nature, and
similarity to natural tissues.7 However, conventional hydrogels
are considered fragile materials that severely limit their scope
of applications. In recent decades, substantial efforts have been
dedicated to improving the mechanical properties of hydrogels,
paving the way for the development of ionic skins,8 wearable
sensors,9 and soft robots10 that can effortlessly adapt to
changing demands, aligning with the advancements of the
fourth industrial revolution. Several fabrication techniques
have been employed to create hydrogels with tunable
mechanical properties by changing their inner porous
structures, such as the freeze−thaw method,11 solvent casting
and particulate leaching,12 gas foaming,13 and phase separa-
tion.14 These methods enable control over the internal pore

size or porosity by adjusting experiment parameters (i.e.,
freezing time, sacrificial particle size, gas pressure, and
incubation time in a phase-separated state), thus allowing for
the tuning of mechanical properties. Furthermore, the
mechanical properties can be significantly improved by
employing strategies that involve creating interpenetrating
polymer networks,15,16 making long polymer chains with a
significantly high degree of entanglement compared to cross-
links,17 incorporating nanoparticles to form percolating
networks,18−21 or harnessing the electrostatic interactions in
polyampholytes.22 As a result, these techniques have a direct
impact on changes in the microstructure of hydrogel networks,
providing valuable insight into their mechanical properties.
It is worth noting that while the mechanical properties of a

hydrogel are affected by its internal structure in three
dimensions, researchers have relied mostly on data extracted
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from two-dimensional (2D) images such as pore size,23

thickness,24 and density,20 to support the interpretations of
mechanical properties of hydrogels. This indicates that there is
a reasonable basis for interpreting the relationship between the
2D porous structure of a hydrogel and its mechanical
properties. To examine the porous structure of hydrogels,
scanning electron microscopy (SEM) imaging has emerged as
an important tool with high spatial resolution, leading to a
better understanding of the mechanical properties of hydro-
gels. However, as mentioned above, the quantitative analysis of
the information present in SEM image data has primarily been
limited to 2D metrics. To fully unlock the potential of SEM
images, we propose employing deep learning techniques to
investigate the relationship between microstructure and
mechanical properties. Deep learning, notably through the
application of multilayer perceptron models, has proven to be
an effective statistical method for the automated analysis of
high-dimensional data in the realm of soft materials.25,26

Combining dense connections between learned parameters
and nonlinear activation functions allows deep neural networks
(DNNs) to accurately model complex relationships across
various data domains.27

With respect to image processing, convolutional neural
networks (CNNs) have demonstrated their effectiveness in
learning from images due to their inherent ability to recognize
local patterns and translation invariance.28 Prior research has
shown CNNs to be effective in predicting stress−strain curves
from second harmonic generation (SHG) images of
collagenous tissues.29 Olenskyj et al. reported the prediction

of compression curves from micro-computational tomography
(micro-CT) images using deep learning.30 While these
approaches produced a relatively low prediction error
(10.9%−13.2%), it remains unknown if these models can be
generalized to other materials since these studies only tested
on one type of material, using a small dataset (less than 100
samples).
It is widely acknowledged that the accuracy of a deep

learning model is significantly influenced by the size and
quality of its training dataset.31 However, this poses a unique
challenge due to the substantial cost, both monetary and
temporal, associated with collecting SEM images for the
individual project. While there are publicly available SEM
datasets such as the UltraHigh Carbon Steel Micrograph
DataBase32 and the Aversa SEM dataset,33 to the best of our
knowledge, there is currently no existing dataset that
encompasses SEM images along with their corresponding
properties for soft materials, specifically hydrogels. This
absence of a comprehensive dataset presents a significant
obstacle in the exploration of advanced materials within the
soft materials community.
In this work, we develop and optimize a low-cost,

semiautomatic data collection and analysis pipeline to learn
structure−property insights from SEM images (SEMPro; see
Figure 1). To the best of our knowledge, this is the first report
of using deep learning models to predict elastic moduli from
SEM images of hydrogels. Modern data-driven research
methods point to automated web-scraping and natural
language processing (NLP) as a method to supplement

Figure 1. (a) Schematic representation of SEMPro dataset creation workflow: (i) SEM images are segmented from the figures of the research
paper and modulus is extracted from (ii) paper text and (iii) stress/strain curves, which are then stored in two individual databases. The
representative SEM images and stress/strain curves shown in (i) and (iii), respectively, are from our previous work.21 (b) Entries from both
databases are then matched and validated by researchers to form the labeled SEM training dataset that feeds into the deep learning
workflow. The CNN model takes in an input SEM image, computes feature maps from convolving learned filters over the image, and predicts
the elastic modulus from the feature maps. (c) The prediction of the elastic modulus on a given input SEM is explained through feature maps
overlaid on the input image. These regression activation maps nontrivially highlight structural regions on the hydrogel with higher (red) and
lower (blue) weights of relevancy to elastic modulus prediction. The researcher can then query the activation maps to understand the
predicted modulus from the model, as well as validate model learning and generalizability.
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smaller datasets in microscopy and materials synthesis.34−36

Web scraping is the process of automatically extracting website
metadata from its HTML source code. Combined with natural
language processing (NLP), a method of automating natural
language analysis to understand and subsequently extract
relevant metrics, we compile a large amount of SEM images
from the online, public repository of research papers with
permission (Figure 1a). After cleaning and labeling data, we
experiment with the state-of-art CNN architecture and learning
parameters to optimize learning for our task set and dataset
(Figure 1b). The accuracy of the generalized model can be
tailored to a target hydrogel with transfer learning,37 which is a
method of training a network primarily on a larger, more
generalized dataset and then secondarily on the target
predictive task, which allows for the application of deep
learning on smaller datasets of interest.38,39 We also investigate
how regression activation mapping can give feedback on the
quality of learning and fuel model optimization. By using
Explainable AI methods, in contrast to the classical deep
learning black box, we show that it is possible to optimize
CNNs toward learning the mechanical insights of hydrogels to
aid researchers in microstructure analysis (Figure 1c).
We develop a method of obtaining SEM images and elastic

moduli datasets from research papers through our web
scraping and data filtering pipeline, SEMPro-Scraper, written
in Python. The scraping functionality of SEMPro-Scraper is
built off a boilerplate template from PaperScraper of VCU
NLP Lab.40 Augmenting the web scraping utility of Paper-
Scraper, SEMPro-Scraper includes general improvements in
functionality in the form of support for extracting figure sets
and data from supporting documentation. SEMPro-Scraper
also performs analytical filtering of the website source code to
search for SEM images and modulus-related data using
research paper metadata. All researched papers scraped are
sourced from the American Chemical Society (ACS), with
permission to compile data from the former.
We first use BeautifulSoup4 (BS4)41 and Selenium Python

packages to compile a list of research paper links from the
keyword “hydrogel” through the query engine of ACS. Using
BS4, we then extract the metadata of each web journal from its
HTML source code. We subsequently pass the metadata
through our data extraction pipeline.
The SEM image data are identified and extracted through

NLP and automated image classification using the state-of-the-
art object detection model, You Only Look Once (YOLO)42

(Figure 1a(i)). We used the fifth version of YOLO, YOLOv5.
First, the figure caption is tokenized by subfigure letters and
preliminarily evaluated for relevance by performing an iterative
search for SEM-related keywords. This list of keywords is
precompiled through a heuristic survey of unique words found
in the description of SEM figures. If the figure caption contains
keywords relevant to SEM, the figure is then passed to our
SEM image detection model to be segmented into individual
SEM images. The model was trained on a set of 150 manually
labeled SEM figures to recognize and compute bounding boxes
around each SEM image within a figure. Given the bounding
boxes, we used the OpenCV43 image processing library to crop
out specific SEM images from the figure. Individual images are
saved in a directory with all other SEMs from the research
papers. The corresponding figures are also saved for ease of
validation of the scraped SEMs.
Hydrogel descriptors and modulus data are scraped both

from the body (Figure 1a(ii)) and figures (Figure 1a(iii)) of

each research paper through NLP. Sentences in the body and
figure captions of the research paper are tokenized and passed
through a relevant keyword search which evaluates whether the
sentence pertains to modulus. This relevant keyword search is
also based on a precompiled list of elastic modulus and
keywords surrounding modulus values (e.g., Pa). If the body
sentence contains one of the keywords, a sequential heuristic
NLP model is implemented to extract hydrogel descriptors,
such as the name and polymer composition for the referred
hydrogel, as well as modulus values. Similarly, if a figure
caption is considered relevant to the modulus, the figure is
stored for modulus value extraction.
A single scraping session can be customized by keyword

topics of the research papers scraped as well as the number of
research papers to scrape. Each scrape ranges from 5 s to 1
min, depending on content relevance, with an average runtime
of 20 s per research paper scraped. A cache is also logged
during the scraping process to avoid the runtime cost of
rescraping a research paper in the event of errors, cancellations,
or future iterations. The final corpus of data was scraped from
over 2000 research papers within ∼11.1 h.
The results of a scraping session are automatically compiled

and logged into two CSV files: the modulus and the SEM
image spreadsheet. As a prevalidation check, only research
papers that contain both modulus and SEM image data are
written to the final spreadsheets. Each row of the compiled
SEM image spreadsheet represents a single SEM image and
contains the link, title, figure number, letter, hydrogel, caption,
figure path, and the respective segmented SEM image
directory. The figure path and SEM image directory are also
hyperlinked with an Excel macro for ease of access during SEM
image selection and validation. The modulus file contains a
collection of all modulus data collected for each valid research
paper. Each row contains the research paper name, the
hydrogel name, the contextual sentence from which the
modulus was extracted, and the modulus in value or figure. For
modulus values obtained from the body, the modulus is simply
written. For modulus values embedded in figures, a hyperlink is
provided to the referred figure in the dataset directory.
Using the two final spreadsheets of SEM and modulus data,

a team of researchers selected, matched, and validated the SEM
and modulus data to create the SEMPro dataset. The SEMPro
dataset consists of 830 labeled SEM images of 553 unique
hydrogels including both pure and composite hydrogels. The
primary parameters used for training were the SEM image and
the modulus value.
We used the state-of-the-art image classification model

ResNeXt5044 as our CNN model with a small modification,
where we replaced the output classification layer with a linear
layer to output a single numerical value as the predicted elastic
modulus. The model, referred to as the baseplate model in our
following discussion, is programmed in Python with the
PyTorch package and trained on the SEMPro dataset. Its
performance was evaluated based on the coefficient of
determination (R2) and mean absolute error (MAE). The
data are loaded into a PyTorch dataset object with each sample
represented as a tuple of SEM image, log modulus, and
learning weight. For each image, the loss function is then
weighted with the inverse of the smoothed distribution at the
elastic modulus label.
Next, the dataset is split into a 5:1 train-test split, with a 4:1

train-validation split within the training set. The validation set
performance is passed to a plateau learning rate scheduler to
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decay learning rate as the model converges. Our baseplate
model was trained for 100 epochs with a batch size of 10 and
learning rate of 10−6. The runtime of each epoch of training
and validation was, on average, 20 s, and the model converged
within ∼30 epochs. All models were trained on a GeForce
GTX 1650.
To clean the images of extraneous data, such as peripheral

text or graphics, and normalize the dataset, each raw SEM
image was resized and cropped at the center to remove the
scale bar with a final size of 224 × 224 pixels. For the training
set, the images were randomly rotated and flipped for
rotational invariance during learning. Label distribution
smoothing (LDS) was performed by convolving a symmetric
kernel with the empirical density distribution, LDS extracts a
kernel-smoothed version that considers the information
overlap among data samples of neighboring labels.45 The
effective label density distribution is computed by LDS:

p y k y y p y y( ) ( , ) ( ) d
y

where p(y) is the number of appearances of the label of y in the
training data, and p y( ) is the effective density of the label y ,
k y y( , ) is a symmetric kernel that satisfies k y y( , ) = k y y( , )
and k y y k y y( , ) ( , ) 0y y+ = . We used the Gaussian kernel
as our symmetric kernel for the computation.
Paired t-test was conducted as a statistical method to

compare the mean of the absolute errors generated by our
baseplate model and two trivial models (i.e., mean and
normal), in which the mean model always predicts the mean
value of elastic moduli of the training set, and the normal
model randomly predicts value from a normal distribution
constructed based on the mean and standard deviation of the
moduli in the training set. The confidence threshold for the
paired t-testing was set to 0.05.

The following evaluation metrics have been applied to
evaluate the performance of the model:
(1) Coefficient of Determination (R2):
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and yi is the actual elastic modulus value, yi is the predicted
elastic modulus value, and n is the number of samples.

(2) Mean Absolute Error (MAE):

y y

n
MAE i i=

| |

We also used k-folds cross-validation to evaluate our model
performance. We first partition the dataset into k distinct
sections. We then train k models, whereby, for each model, we
uniquely assign one of the k partitions as a testing set while the
remainder of the dataset is used for training.

Viability for transfer learning was evaluated at a wholistic
and partial level on a smaller dataset (343 images) based on
the SEM images of a nanocomposite hydrogel composed of
different concentrations of graphene oxide and poly(N-
isopropylacrylamide).46 We will name this dataset GO-
PNIPAM in the discussion for transfer learning. In both
experiments, LDS was disabled due to the smaller dataset size
and even distribution of moduli. The learning rate was

Figure 2. Distributions of modulus in SEMPro dataset (a) before and (b) after LDS smoothing. The corresponding distribution of log10
absolute error of training using the SEMPro dataset (c) before and (d) after LDS smoothing, respectively.
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increased to 5 × 10−4 for faster convergence. All other training
parameters remained the same as in the baseplate model. In
the wholistic experiment, the full baseplate model was trained
on the GO-PNIPAM dataset, with an average runtime of 7 s
per epoch. In the partial transfer learning experiment, the
convolutional layers of the ResNeXt50 model were frozen by
disabling PyTorch autograd and only the linear output layer
was trained. The average runtime of the partial transfer
learning experiment was 5 s per epoch. Both converged within
∼10 epochs.
The saliency maps were made using an open-source

PyTorch library for CAM methods.47 We chose to use the
output feature maps from the final convolutional layer as the
activation map overlay.
The elastic moduli in our SEMPro dataset are imbalanced,

with most data being centered at ∼104 Pa (Figure 2a). This
agrees with the mechanical properties generally possessed by
hydrogels.48 However, the imbalanced dataset implicitly biases
the model toward the majority moduli label, which may lead to
poor generalization on novel data, especially for the minority
moduli labels. To address the issue of data underrepresenta-
tion, we used an LDS method developed by Yang et al.45 LDS
promotes the utilization of kernel density estimation to capture
the effective imbalance in datasets associated with continuous
targets. Figure 2b shows the elastic moduli distribution after
LDS, which exhibits the effective distribution by convolving a
Gaussian kernel with the empirical density. We then use the
effective label density to inversely weight the loss function
based on moduli label representation, which subsequently
increases learning on minority labels during training. The
model trained with the dataset using LDS (Figure 2c)
demonstrates higher precision, compared to the model trained
without LDS (Figure 2d), as seen by the predictions of elastic
moduli in the former model exhibiting a lower absolute error.
Thus, unless specifically stated otherwise, we apply LDS to the
dataset for all subsequent experiments.
The predicted elastic moduli from the baseplate model on

the SEMPro dataset are plotted against the actual elastic
moduli for the train, test, and validation set, represented by the
orange, blue, and green scatters, respectively (see Figure 3).
The MAE of the baseplate model is 0.789, 0.792, and 0.807 for

train, validation, and test, respectively. The corresponding
coefficient of determination R2 is 0.597, 0.489, and 0.378 for
the train, validation, and test, respectively (see Table 1). As

there are no known pre-existing deep learning models
predicting elastic moduli from SEM images of hydrogels, we
also evaluate our model against two trivial models: one that
predicts the mean of the training dataset for every image and
one that randomly chooses from a normal distribution
modeled after the training dataset. Each model is trained on
a randomly generated training set and evaluated against a test
set that it has not seen during training. The distributions of the
evaluation results, given by the absolute error between the
predicted and expected log moduli, are shown in Figure 4. The

baseplate model exhibits the lowest median value of absolute
error (0.55 log Pa), while the ones produced by the mean and
normal models are 0.85 and 1.25 log Pa, respectively. We
compute paired t-tests between the baseplate model and the
mean and normal models with an alternative hypothesis stating
that the baseplate model error distribution has a mean that is
less than the trivial models. The results show confidently that
we can reject the null hypothesis and, consequently, that the
baseplate model performs better than these two trivial models.
Our model thus displays a learned, nontrivial relationship
between the SEM images and the elastic moduli of hydrogels.
We further conducted experiments with transfer learning, a

machine learning approach that applies the knowledge
acquired from solving one problem to another related problem,
to further elucidate that our baseplate model can produce
nontrivial results and demonstrate the transfer learning

Figure 3. Elastic moduli predicted using baseplate model plotted
against the actual elastic moduli for the train (orange), test (blue),
and validation (green) sets, respectively.

Table 1. Evaluation Metrics Including Mean Absolute Error
(MAE) and Coefficient of Determination (R2) for
Predicting Elastic Modulus of Machine Learning Models

MAE R2

ML model train validation test train validation test

baseplate 0.789 0.792 0.807 0.597 0.489 0.378

Figure 4. Box plot of absolute error produced by the baseplate,
mean and normal model on the test set of the SEMPro data set,
respectively (median, 25th, and 75th percentiles, minimum and
maximum). [Legend: (*) p < 0.05, (****) p < 0.0001; paired, two-
tailed t-test.]
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potential of the baseplate model for smaller hydrogel datasets.
In the wholistic transfer learning experiment, we let the
baseplate model predict the elastic moduli from a smaller
dataset that it has not seen before (i.e., GO-PNIPAM dataset),
and compared the corresponding MAE with the single and
hybrid models, where the single and hybrid models are the
ResNeXt50 and baseplate model trained on top of the GO-
PNIPAM dataset, respectively. We also employed the Grad-
CAM visualization technique to highlight the regions of the
input SEM that are influential in the prediction. The original
SEM images (resized and cropped to 224 × 224 pixels) were
displayed in Figure 5a. The corresponding regression
activation maps (Figures 5b−d), which utilize the gradients
of the final convolutional layers in the model to emphasize
localized areas of significance, show that our model produces
nontrivial feature maps. Here, nontriviality is seen by the
unique activation regions rather than repeated, nonstructure
related motifs (i.e., the right/left edge of the image). The
elastic modulus error (ΔE) of the prediction from each model
is displayed under the respective regression activation map.
Although the performance of the single model is relatively the
same, compared to the hybrid model (Table S1 in the
Supporting Information), the activation regions highlighted in
Figure 5 are similar across hybrid, single, and baseplate models
(see Figures 5b−d). Therefore, the wholistic transfer learning
experiment indicates that our baseplate model extracts general
features relevant to hydrogel SEMs, which can be transferred
and targeted to specific hydrogels of interest. This is further
demonstrated by our partial transfer learning approach (Table
S2 in the Supporting Information), in which the baseplate
model is still able to converge to a similar degree of

performance as the hybrid and single models (Table S1)
simply by training the output layer on the smaller, target
dataset (i.e., GO-PNIPAM dataset). Therefore, the learned
features of our baseplate model have a wholistic relevance to
hydrogel SEMs that can be tuned to a given target hydrogel.
Our work introduced a new approach for performing

efficient computational analysis on high-dimensional and
sparse data in the field of materials science, specifically
focusing on predicting elastic moduli from the SEM images of
hydrogels. It is important to point out that the SEM images of
hydrogels are typically taken after the hydrogel has been
lyophilized and is in a dry state. Consequently, the reported
porosities may not accurately reflect the hydrogel’s inherent
porosity in the hydrated condition, as they can be influenced
by ice crystal formation during lyophilization, introducing
potential artifacts in SEM images during sample preparation.
Although having artifact-free data for training deep learning
models would be ideal, it is important to acknowledge the
practical challenges in achieving this, as variations and errors
are almost inevitable during the manufacturing process and
necessary sample treatments for characterization. Our primary
objective is to develop a tool capable of extracting valuable
insights from typical SEM images, which often contain
artifacts, and using this information to predict mechanical
properties. To achieve this goal effectively, it is essential to
work with an inclusive dataset that encompasses images with
artifacts. This approach allows the model to learn and discern
these artifacts as integral components of the “features” it
extracts. One potential limitation of this study is that the model
might encounter difficulties in accurately predicting results
when presented with a nonporous SEM image of a hydrogel.

Figure 5. Examples of model performance and explainability on GO-PNIPAM hydrogel test dataset compared across variations in model
training. (a) The original SEM images (resized and cropped to 224 × 224 pixels); The visual explanation maps for (b) baseplate, (c) single,
and (d) hybrid model. The elastic modulus error (ΔE) of the prediction from each model is displayed under the respective regression
activation map.
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This challenge primarily arises from the limited availability of
similar data in the training dataset. To address this limitation,
potential strategies include enlarging the training dataset by
including more diverse data or implementing comprehensive
validation and testing procedures. These procedures should
involve evaluating the model’s performance on SEM images
featuring nonporous structures, therefore suggesting a
direction for future research.
In conclusion, this method offered a lightweight solution to

analyze and extract valuable insights from the complex data
structures commonly encountered in hydrogel research. In the
data collection phase, we employed NLP techniques to scrape
publicly available online journal repositories. This enabled us
to gather a vast and diverse dataset of SEM images of
hydrogels. The dataset was designed to be easily labeled by
researchers within a short period, facilitating the availability of
labeled data for subsequent analysis and model training. By
leveraging NLP and automated data collection methods, we
ensured the acquisition of a comprehensive and varied dataset
for our research. With this dataset, we proved that we could
train a model that is able to learn and extract features from our
target material, hydrogels, relevant to our target metric, elastic
moduli. Additionally, the model could be used for transfer
learning on specific hydrogels and generating activation maps
to explain the nontrivial predictions of the model. Through
experimentation on a variety of hydrogels and model training
methods, we showed that the learned features of our baseplate
model were both valid and nontrivial. We also benchmarked
the speed and performance of transfer learning achievable once
a baseplate model was established. We hope that our pipeline
would not only help researchers analyze hydrogel micro-
structure based on a larger, diverse dataset but also better
utilize the repository of soft materials data in research papers
for a greater understanding of high-dimensional, sparsely
available metrics.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c00909.

MAE for wholistic and partial transfer learning experi-
ment (PDF)

■ AUTHOR INFORMATION

Corresponding Author
Jinhye Bae − Department of NanoEngineering, University of

California San Diego, La Jolla, California 92093, United
States; Chemical Engineering Program and Material Science
and Engineering Program, University of California San
Diego, La Jolla, California 92093, United States;
orcid.org/0000-0002-2536-069X; Email: j3bae@

ucsd.edu

Authors
Brandon Ho − Department of Electrical and Computer

Engineering, University of California San Diego, La Jolla,
California 92093, United States

Jiayu Zhao − Department of NanoEngineering, University of
California San Diego, La Jolla, California 92093, United
States

Joseph Liu − Department of NanoEngineering, University of
California San Diego, La Jolla, California 92093, United
States

Lisa Tang − Department of NanoEngineering, University of
California San Diego, La Jolla, California 92093, United
States; Chemical Engineering Program, University of
California San Diego, La Jolla, California 92093, United
States; orcid.org/0000-0001-5312-673X

Zhecun Guan − Department of NanoEngineering, University
of California San Diego, La Jolla, California 92093, United
States

Xiao Li − Material Science and Engineering Program,
University of California San Diego, La Jolla, California
92093, United States

Minghao Li − Material Science and Engineering Program,
University of California San Diego, La Jolla, California
92093, United States; orcid.org/0000-0002-6315-8847

Elizabeth Howard − Department of NanoEngineering,
University of California San Diego, La Jolla, California
92093, United States

Rebecca Wheeler − Department of NanoEngineering,
University of California San Diego, La Jolla, California
92093, United States; Chemical Engineering Program,
University of California San Diego, La Jolla, California
92093, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsmaterialslett.3c00909

Author Contributions
⊥Authors B.H. and J.Z. contributed equally to this work. B.H.
was responsible for methodology, data curation, formal
analysis, investigation, visualization, writing (original draft),
and writing (review and editing); J.Z. was responsible for
methodology, data curation, formal analysis, investigation,
visualization, and writing (review and editing); J.L. was
responsible for methodology, data curation, and formal
analysis; L.T., Z.G., X.L., M.L., E.H., and R.W. were
responsible for data labeling; J.B. was responsible for
conceptualization, resources, supervision, investigation, formal
analysis, funding acquisition, and writing (review and editing).
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work is supported by the National Science Foundation
through the University of California San Diego Materials
Research Science and Engineering Center (UCSD MRSEC),
Grant No. DMR-2011924.

■ REFERENCES
(1) Liu, X.; Liu, J.; Lin, S.; Zhao, X. Hydrogel Machines. Mater.

Today 2020, 36, 102−124.
(2) Deligkaris, K.; Tadele, T. S.; Olthuis, W.; van den Berg, A.
Hydrogel-Based Devices for Biomedical Applications. Sens Actuators B
Chem. 2010, 147 (2), 765−774.
(3) Li, J.; Mooney, D. J. Designing Hydrogels for Controlled Drug
Delivery. Nat. Rev. Mater. 2016, 1 (12), 16071.
(4) Abdelbasset, W. K.; Jasim, S. A.; Sharma, S. K.; Margiana, R.;
Bokov, D. O.; Obaid, M. A.; Hussein, B. A.; Lafta, H. A.; Jasim, S. F.;
Mustafa, Y. F. Alginate-Based Hydrogels and Tubes, as Biological

ACS Materials Letters www.acsmaterialsletters.org Letter

https://doi.org/10.1021/acsmaterialslett.3c00909
ACS Materials Lett. 2023, 5, 3117−3125

3123

https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c00909?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.3c00909/suppl_file/tz3c00909_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinhye+Bae"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2536-069X
https://orcid.org/0000-0002-2536-069X
mailto:j3bae@ucsd.edu
mailto:j3bae@ucsd.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brandon+Ho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiayu+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joseph+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lisa+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5312-673X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhecun+Guan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Minghao+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6315-8847
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elizabeth+Howard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rebecca+Wheeler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c00909?ref=pdf
https://doi.org/10.1016/j.mattod.2019.12.026
https://doi.org/10.1016/j.snb.2010.03.083
https://doi.org/10.1038/natrevmats.2016.71
https://doi.org/10.1038/natrevmats.2016.71
https://doi.org/10.1007/s10439-022-02955-8
www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.3c00909?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Macromolecule-Based Platforms for Peripheral Nerve Tissue
Engineering: A Review. Ann. Biomed Eng. 2022, 50 (6), 628−653.
(5) Mantha, S.; Pillai, S.; Khayambashi, P.; Upadhyay, A.; Zhang, Y.;
Tao, O.; Pham, H. M.; Tran, S. D. Smart Hydrogels in Tissue
Engineering and Regenerative Medicine. Materials 2019, 12 (20),
3323.
(6) Kamoun, E. A.; Kenawy, E.-R. S.; Chen, X. A Review on
Polymeric Hydrogel Membranes for Wound Dressing Applications:
PVA-Based Hydrogel Dressings. J. Adv. Res. 2017, 8 (3), 217−233.
(7) Oyen, M. L. Mechanical Characterisation of Hydrogel Materials.

Int. Mater. Rev. 2014, 59 (1), 44−59.
(8) Yang, C.; Suo, Z. Hydrogel Ionotronics. Nat. Rev. Mater. 2018, 3
(6), 125−142.
(9) Wang, L.; Xu, T.; Zhang, X. Multifunctional Conductive
Hydrogel-Based Flexible Wearable Sensors. TrAC Trends Anal Chem.
2021, 134, 116130.
(10) Ying, B.; Liu, X. Skin-like Hydrogel Devices for Wearable
Sensing, Soft Robotics and Beyond. iScience 2021, 24 (11), 103174.
(11) Waresindo, W. X.; Luthfianti, H. R.; Priyanto, A.; Hapidin, D.
A.; Edikresnha, D.; Aimon, A. H.; Suciati, T.; Khairurrijal, K. Freeze-
Thaw Hydrogel Fabrication Method: Basic Principles, Synthesis
Parameters, Properties, and Biomedical Applications. Mater. Res.
Express 2023, 10 (2), 024003.
(12) Hutmacher, D. W.; Schantz, J. T.; Lam, C. X. F.; Tan, K. C.;
Lim, T. C. State of the Art and Future Directions of Scaffold-Based
Bone Engineering from a Biomaterials Perspective. J. Tissue Eng. Regen
Med. 2007, 1 (4), 245−260.
(13) De France, K. J.; Xu, F.; Hoare, T. Structured Macroporous
Hydrogels: Progress, Challenges, and Opportunities. Adv. Healthc
Mater. 2018, 7 (1), 1700927.
(14) Elbert, D. L. Liquid-Liquid Two-Phase Systems for the
Production of Porous Hydrogels and Hydrogel Microspheres for
Biomedical Applications: A Tutorial Review. Acta Biomater 2011, 7
(1), 31−56.
(15) Gong, J. P.; Katsuyama, Y.; Kurokawa, T.; Osada, Y. Double-
Network Hydrogels with Extremely High Mechanical Strength. Adv.
Mater. 2003, 15 (14), 1155−1158.
(16) Sun, J.-Y.; Zhao, X.; Illeperuma, W. R. K.; Chaudhuri, O.; Oh,
K. H.; Mooney, D. J.; Vlassak, J. J.; Suo, Z. Highly Stretchable and
Tough Hydrogels. Nature 2012, 489 (7414), 133−136.
(17) Kim, J.; Zhang, G.; Shi, M.; Suo, Z. Fracture, Fatigue, and
Friction of Polymers in Which Entanglements Greatly Outnumber
Cross-Links. Science (1979) 2021, 374 (6564), 212−216.
(18) Haraguchi, K.; Takehisa, T. Nanocomposite Hydrogels: A
Unique Organic-Inorganic Network Structure with Extraordinary
Mechanical, Optical, and Swelling/De-Swelling Properties. Adv.
Mater. 2002, 14 (16), 1120−1124.
(19) Klein, A.; Whitten, P. G.; Resch, K.; Pinter, G. Nanocomposite
Hydrogels: Fracture Toughness and Energy Dissipation Mechanisms.
J. Polym. Sci. B Polym. Phys. 2015, 53 (24), 1763−1773.
(20) Zhao, J.; Bae, J. Microphase Separation-Driven Sequential Self-
Folding of Nanocomposite Hydrogel/Elastomer Actuators. Adv. Funct
Mater. 2022, 32 (24), 2200157.
(21) Howard, E.; Li, M.; Kozma, M.; Zhao, J.; Bae, J. Self-
Strengthening Stimuli-Responsive Nanocomposite Hydrogels. Nano-
scale 2022, 14 (48), 17887−17894.
(22) Sun, T. L.; Kurokawa, T.; Kuroda, S.; Bin Ihsan, A.; Akasaki, T.;
Sato, K.; Haque, Md. A.; Nakajima, T.; Gong, J. P. Physical Hydrogels
Composed of Polyampholytes Demonstrate High Toughness and
Viscoelasticity. Nat. Mater. 2013, 12 (10), 932−937.
(23) Marshall, A. J.; Ratner, B. D. Quantitative Microscopy for
Analysis of Hydrogel Pore Structure. Microsc. Microanal. 2001, 7 (S2),
834−835.
(24) Liu, S.; Bastola, A. K.; Li, L. A 3D Printable and Mechanically
Robust Hydrogel Based on Alginate and Graphene Oxide. ACS Appl.
Mater. Interfaces 2017, 9 (47), 41473−41481.
(25) Choudhary, K.; DeCost, B.; Chen, C.; Jain, A.; Tavazza, F.;
Cohn, R.; Park, C. W.; Choudhary, A.; Agrawal, A.; Billinge, S. J. L.;
Holm, E.; Ong, S. P.; Wolverton, C. Recent Advances and

Applications of Deep Learning Methods in Materials Science. NPJ.
Comput. Mater. 2022, 8 (1), 59.
(26) Pilania, G. Machine Learning in Materials Science: From
Explainable Predictions to Autonomous Design. Comput. Mater. Sci.
2021, 193, 110360.
(27) Kulathunga, N.; Ranasinghe, N. R.; Vrinceanu, D.; Kinsman, Z.;
Huang, L.; Wang, Y. Effects of Nonlinearity and Network
Architecture on the Performance of Supervised Neural Networks.
Algorithms 2021, 14 (2), 51.
(28) O’Shea, K.; Nash, R. An Introduction to Convolutional Neural
Networks arXiv 2015, arXiv.1511.08458.
(29) Liang, L.; Liu, M.; Sun, W. A Deep Learning Approach to
Estimate Chemically-Treated Collagenous Tissue Nonlinear Aniso-
tropic Stress-Strain Responses from Microscopy Images. Acta
Biomater. 2017, 63, 227−235.
(30) Olenskyj, A. G.; Donis-González, I. R.; Earles, J. M.; Bornhorst,
G. M. End-to-End Prediction of Uniaxial Compression Profiles of
Apples during in Vitro Digestion Using Time-Series Micro-Computed
Tomography and Deep Learning. J. Food Eng. 2022, 325, 111014.
(31) Himanen, L.; Geurts, A.; Foster, A. S.; Rinke, P. Data Driven
Materials Science: Status, Challenges, and Perspectives. Adv. Sci.
2019, 6 (21), 1900808.
(32) DeCost, B. L.; Hecht, M. D.; Francis, T.; Webler, B. A.; Picard,
Y. N.; Holm, E. A. UHCSDB: UltraHigh Carbon Steel Micrograph
DataBase. Integr Mater. Manuf. Innov. 2017, 6 (2), 197−205.
(33) Aversa, R.; Modarres, M. H.; Cozzini, S.; Ciancio, R.; Chiusole,
A. The First Annotated Set of Scanning Electron Microscopy Images
for Nanoscience. Sci. Data 2018, 5 (1), 180172.
(34) Meschenmoser, P.; Meuschke, N.; Hotz, M.; Gipp, B.Scraping
Scientific Web Repositories: Challenges and Solutions for Automated
Content Extraction. D-Lib Mag. 2016, 22 (9/10), DOI: 10.1045/
september2016-meschenmoser.
(35) Mukaddem, K. T.; Beard, E. J.; Yildirim, B.; Cole, J. M.
ImageDataExtractor: A Tool To Extract and Quantify Data from
Microscopy Images. J. Chem. Inf. Model. 2020, 60 (5), 2492−2509.
(36) Kim, E.; Huang, K.; Saunders, A.; McCallum, A.; Ceder, G.;
Olivetti, E. Materials Synthesis Insights from Scientific Literature via
Text Extraction and Machine Learning. Chem. Mater. 2017, 29 (21),
9436−9444.
(37) Zhang, Z.; Liu, Q.; Wu, D. Predicting Stress-Strain Curves
Using Transfer Learning: Knowledge Transfer across Polymer
Composites. Mater. Des. 2022, 218, 110700.
(38) Yamada, H.; Liu, C.; Wu, S.; Koyama, Y.; Ju, S.; Shiomi, J.;
Morikawa, J.; Yoshida, R. Predicting Materials Properties with Little
Data Using Shotgun Transfer Learning. ACS Cent. Sci. 2019, 5 (10),
1717−1730.
(39) Gupta, V.; Choudhary, K.; Tavazza, F.; Campbell, C.; Liao, W.;
Choudhary, A.; Agrawal, A. Cross-Property Deep Transfer Learning
Framework for Enhanced Predictive Analytics on Small Materials
Data. Nat. Commun. 2021, 12 (1), 6595.
(40) VCU Natural Language Processing Lab. PaperScraper, 2020.
(41) Richardson, L. Beautiful soup documentation; available via the
Internet at: https://beautiful-soup-4.readthedocs.io/en/latest/.
(42) Redmon, J.; Divvala, S.; Girshick, R.; Farhadi, A.You Only Look
Once: Unified, Real-Time Object Detection, arXiv2015.779788
(43) Bradski, G. The OpenCV Library. Dr. Dobb’s J. Softw. Tools
2000, 25, 120−125.
(44) Xie, S.; Girschick, R.; Dollár, P.; Tu, Z.; He, K. Aggregated
Residual Transformations for Deep Neural Networks. In The IEEE
Conference on Computer Vision and Pattern Recognition, 2017; pp
1492−1500.
(45) Yang, Y.; Zha, K.; Chen, Y.-C.; Wang, H.; Katabi, D.Delving
into Deep Imbalanced Regression. In Proceedings of the 38th
International Conference on Machine Learning; MLR Press, 2021; pp
11842−11851.
(46) Li, M.; Bae, J. Tunable Swelling and Deswelling of
Temperature- and Light-Responsive Graphene Oxide-Poly(N -Iso-
propylacrylamide) Composite Hydrogels. Polym. Chem. 2020, 11
(13), 2332−2338.

ACS Materials Letters www.acsmaterialsletters.org Letter

https://doi.org/10.1021/acsmaterialslett.3c00909
ACS Materials Lett. 2023, 5, 3117−3125

3124

https://doi.org/10.1007/s10439-022-02955-8
https://doi.org/10.1007/s10439-022-02955-8
https://doi.org/10.3390/ma12203323
https://doi.org/10.3390/ma12203323
https://doi.org/10.1016/j.jare.2017.01.005
https://doi.org/10.1016/j.jare.2017.01.005
https://doi.org/10.1016/j.jare.2017.01.005
https://doi.org/10.1179/1743280413Y.0000000022
https://doi.org/10.1038/s41578-018-0018-7
https://doi.org/10.1016/j.trac.2020.116130
https://doi.org/10.1016/j.trac.2020.116130
https://doi.org/10.1016/j.isci.2021.103174
https://doi.org/10.1016/j.isci.2021.103174
https://doi.org/10.1088/2053-1591/acb98e
https://doi.org/10.1088/2053-1591/acb98e
https://doi.org/10.1088/2053-1591/acb98e
https://doi.org/10.1002/term.24
https://doi.org/10.1002/term.24
https://doi.org/10.1002/adhm.201700927
https://doi.org/10.1002/adhm.201700927
https://doi.org/10.1016/j.actbio.2010.07.028
https://doi.org/10.1016/j.actbio.2010.07.028
https://doi.org/10.1016/j.actbio.2010.07.028
https://doi.org/10.1002/adma.200304907
https://doi.org/10.1002/adma.200304907
https://doi.org/10.1038/nature11409
https://doi.org/10.1038/nature11409
https://doi.org/10.1126/science.abg6320
https://doi.org/10.1126/science.abg6320
https://doi.org/10.1126/science.abg6320
https://doi.org/10.1002/1521-4095(20020816)14:16<1120::AID-ADMA1120>3.0.CO;2-9
https://doi.org/10.1002/1521-4095(20020816)14:16<1120::AID-ADMA1120>3.0.CO;2-9
https://doi.org/10.1002/1521-4095(20020816)14:16<1120::AID-ADMA1120>3.0.CO;2-9
https://doi.org/10.1002/polb.23912
https://doi.org/10.1002/polb.23912
https://doi.org/10.1002/adfm.202200157
https://doi.org/10.1002/adfm.202200157
https://doi.org/10.1039/D2NR05408F
https://doi.org/10.1039/D2NR05408F
https://doi.org/10.1038/nmat3713
https://doi.org/10.1038/nmat3713
https://doi.org/10.1038/nmat3713
https://doi.org/10.1017/S1431927600030245
https://doi.org/10.1017/S1431927600030245
https://doi.org/10.1021/acsami.7b13534?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b13534?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41524-022-00734-6
https://doi.org/10.1038/s41524-022-00734-6
https://doi.org/10.1016/j.commatsci.2021.110360
https://doi.org/10.1016/j.commatsci.2021.110360
https://doi.org/10.3390/a14020051
https://doi.org/10.3390/a14020051
https://doi.org/10.1016/j.actbio.2017.09.025
https://doi.org/10.1016/j.actbio.2017.09.025
https://doi.org/10.1016/j.actbio.2017.09.025
https://doi.org/10.1016/j.jfoodeng.2022.111014
https://doi.org/10.1016/j.jfoodeng.2022.111014
https://doi.org/10.1016/j.jfoodeng.2022.111014
https://doi.org/10.1002/advs.201900808
https://doi.org/10.1002/advs.201900808
https://doi.org/10.1007/s40192-017-0097-0
https://doi.org/10.1007/s40192-017-0097-0
https://doi.org/10.1038/sdata.2018.172
https://doi.org/10.1038/sdata.2018.172
https://doi.org/10.1045/september2016-meschenmoser
https://doi.org/10.1045/september2016-meschenmoser
https://doi.org/10.1045/september2016-meschenmoser
https://doi.org/10.1045/september2016-meschenmoser?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1045/september2016-meschenmoser?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.9b00734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.9b00734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b03500?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b03500?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.matdes.2022.110700
https://doi.org/10.1016/j.matdes.2022.110700
https://doi.org/10.1016/j.matdes.2022.110700
https://doi.org/10.1021/acscentsci.9b00804?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.9b00804?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-26921-5
https://doi.org/10.1038/s41467-021-26921-5
https://doi.org/10.1038/s41467-021-26921-5
https://beautiful-soup-4.readthedocs.io/en/latest/
https://doi.org/10.48550/arXiv.1506.02640
https://doi.org/10.48550/arXiv.1506.02640
https://doi.org/10.1039/C9PY01934K
https://doi.org/10.1039/C9PY01934K
https://doi.org/10.1039/C9PY01934K
www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.3c00909?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(47) Gildenblat, J.et al. PyTorch Library for CAM Methods, 2021.
Available online: https://github.com/jacobgil/pytorchgrad-cam.
(48) Hines, L.; Petersen, K.; Lum, G. Z.; Sitti, M. Soft Actuators for
Small-Scale Robotics. Adv. Mater. 2017, 29 (13), 1603483.

ACS Materials Letters www.acsmaterialsletters.org Letter

https://doi.org/10.1021/acsmaterialslett.3c00909
ACS Materials Lett. 2023, 5, 3117−3125

3125

https://github.com/jacobgil/pytorchgrad-cam
https://doi.org/10.1002/adma.201603483
https://doi.org/10.1002/adma.201603483
www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.3c00909?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as



