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ABSTRACT 

While the field of medical device design has made 

tremendous progress in recent decades, implantable devices 

continue to be plagued by the body’s immune response and 

fibrosis. The field of soft robotics uses low modulus materials 

that compliance match surrounding tissues to help address this 

issue. Traditionally, silicone has been the material of choice for 

soft robots. Although durable and elastic, implanted silicone 

often leads to fibrosis. To advance the use of soft robotics in 

medical devices, new materials must be explored. We 

hypothesize that protein-based soft robotic actuators hold 

promise for implantable medical devices by not only matching 

moduli surrounding tissues but also providing physiologically 

relevant chemical cues. Biocompatible soft actuators that 

achieve the functionality of silicone counterparts may promote 

integration with host cells and support long-term implant safety. 

Additionally, controlled degradation may hold promise for post-

surgical support devices or drug delivery. Here, we develop and 

characterize crosslinked gelatin (GEL) actuators. The 

development of biomaterial soft actuators with properties 

comparable to synthetic analogues expands the applications of 

soft robotic devices for medical devices and healthcare 

applications. 

 

Keywords: biomaterials, soft robotics, implantable devices 

 

1. INTRODUCTION 
Material biocompatibility is an important consideration in 

the development of medical devices because it determines the 

limitations of device longevity and functionality inside the body. 

Biocompatibility can be impacted by material mechanics [1], 

chemistry [2], and surface topology [3]. Traditionally, 

implantable medical devices are made from plastics or metallic 

materials that present a compliance mismatch with surrounding 

tissue [4]. Implanted devices also induce a foreign-body 

response (FBR) that can interfere with the function of implants 

and medical devices [4]. Over time, the FBR walls off the 

implant with a vascular and collagenous fibrous capsule [5]. The 

FBR is not only a dangerous immune response but also impacts 

the long-term stability of implantable devices [4]. While metals 

and plastics are often chosen because of their reliable properties 

and robust manufacturing processes, the development of medical 

devices from more biocompatible materials may reduce the FBR 

and positively impact health outcomes for patients with 

implanted devices.  

The field of soft robotics features devices made from 

low-modulus materials that can better compliance match with 

surrounding tissue when compared to traditional materials [3]. 

These devices replicate similar actions when compared to 

traditional robotic devices, yet with materials that are safer for 

human interaction, even as implantable devices. Soft robots have 

been demonstrated as cardiac support devices [6], tools for 
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optical biopsy and endoscopy [7], and instruments for diagnosis 

and treatment of lung cancer [8].  

More specifically, soft robotic actuators may be ideal for use 

in ventricular assist devices (VADs) given the dynamic nature of 

heart function. As the design and construction of VADs have 

evolved, larger portions of a patient’s own tissue remain intact 

[9]. Most recent designs of left ventricular assist devices 

(LVADs) produced by Medtronic and Abbott maintain patient 

heart structure [10] and improve long-term outcomes with a 40% 

survival rate three years on the device [11]. However, materials 

in these devices still elicit the FBR, limiting their long-term use 

[12]. Although the HeartMate LVAD resulted in enhanced 

hemocompatibility and lower risk of pump thrombosis and 

reoperations to replace or remove the pump compared to axial-

flow LVADs, extrinsic obstruction occurred at the level of the 

bend relief and consisted predominantly of chronic inflammatory 

with evidence of foreign body reaction [13]. 

Roche et al. demonstrated a VAD using soft actuators that 

mimicked the form and function of the native heart, with a 

stiffness value of the same order of magnitude as that of the heart 

tissue [6]. Composed of silicone, the device relied on a layer of 

alginate as a protective layer at the device-tissue interface to 

reduce friction and minimize inflammation when the device is 

moving over the heart in animal models [6]. While silicone is a 

widely used polymer because of its high oxygen permeability 

[14] and tunable mechanical properties that match a range of 

tissues in the body [15], it is known to trigger the FBR at the 

biotic-abiotic interface [16].  

To alleviate immune responses to silicone implants, 

approaches including altering surface chemistry and coating with 

hydrogels have been evaluated [14]. Dynamic pneumatic 

pockets have even been employed on silicone devices to combat 

fibrosis [17]. To address the challenges that silicone presents to 

implantable medical device development, new advances in the 

field allow for the development of medical devices from 

alternative low modulus materials [18]. GEL pneumatic 

actuators were previously shown in the dry state [19] and with 

added glucose [20]. While not demonstrated in fluid 

environments, these attempts show that protein derivatives hold 

promise as new materials from which to construct soft robotics 

actuators. GEL polyelectrolyte hydrogels show mechanical 

responses due to electrical stimulus in an electrolyte solution 

and, therefore, can be used to produce soft actuators that can be 

controlled by the duration and strength of the applied electric 

stimulus [21]. Although GEL polyelectrolyte actuators present a 

“trade-off” between actuation and bending, or mechanical 

strength, this also allows for flexibility at the design level while 

still promoting a sustainable, biodegradable soft robot concept. 

In this paper, we detail the development of a protein-based 

biomaterial actuator that both compliance matches to in vivo 

tissues and provides a favorable chemical interface for host 

tissues. As a base material, we use GEL, a protein-derived 

biomaterial demonstrated to be a favorable substrate for tissue 

engineered substrates [22] and in implantable devices [23]. 

Microbial transglutaminase (mTG) is non-toxic crosslinking 

agent that chemically crosslinks GEL and tunes its stiffness 

across a range of physiologically relevant stiffnesses [24]. 

Through analysis of degradation, mechanical properties, and 

actuator failure mechanisms, we evaluate its potential for next 

generation biohybrid medical devices. 

 

2. MATERIALS AND METHODS 
 

2.1 Mold Preparation 
In this study, 3D printed molds were designed to cast 

candidate biomaterials as tendon actuated structures based on 

previous designs [19]. Mold design was inspired by a modular 

gripper design prepared by shape deposition manufacturing [25], 

later adapted to a single molded silicone part [26]. The design 

consists of two (thumb) or three (finger) phalanges and a 

compliant hinge that allows for bending in between. To prevent 

the GEL-mTG mixture from sticking to 3D printed molds, the 

interior of the molds was brushed with Ecoflex™ 00-30 silicone 

(Smooth-On) and cured according to manufacturer instructions 

to achieve an even layer in the molds. 

 
FIGURE 1. Mold design and dimensions. 

 

2.2 Material Preparation 

We designed an array of GEL-based actuators 

crosslinked with mTG, according to protocols used in 

development of tissue engineered substrates [13]. The 

fabrication protocol is shown in Figure 2. First, 20 wt% or 24 

wt% GEL (Superclear, Custom Collagen, Inc.) was mixed with 

a whisk into 100 mL of H2O at 70C. In a separate beaker, 16 

wt% mTG (Ajinomoto, 1002, Chicago, IL, USA) was mixed in 

100 mL H2O at room temperature (25C). Once dissolved, the 

mTG solution and GEL solution are combined resulting in 8 wt% 

mTG and 10 wt% or 12 wt% GEL in final solution. The 

combined mixture was stirred for 15 minutes at 70C and then 

poured into molds (Figure 2d). The molds were covered with 

impermeable plastic wrap and refrigerated at 4C for 24 hours 

(Figure 2e). To demold the actuators, molds were placed in 70C 

shallow water. After about 5 minutes, the GEL actuators were 

removed using forceps. Free standing actuators were threaded 

with 0.003” diameter nitinol wire (Malin Co.).  

A common practice in GEL preparation is to prepare GEL 

in an alternative two-step process by heating, cooling, and 

removing an aerated porous layer that rises to the top before a 

second melting step. This produces a more optically transparent 

and impurity-free material. Actuators were fabricated by both 

methods and compared in Section 3.2. The surface properties of 

GEL are dependent on the hydrophobic and hydrophilic amino 

acid residues [27]. GEL can form a foam, even without gelling, 
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because it can reduce surface tension by increasing the viscosity 

of the aqueous phase [28]. The viscosity of GEL is a leading 

factor for its foam stability because GEL has a higher content of 

hydrophobic amino acid residues [28]. As reported in literature, 

the presence or absence of foam in GEL leads to varying material 

toughness. 

 
FIGURE 2: Protocol for fabricating mTG crosslinked GEL actuators. 

Created with BioRender.com. 

 

2.3 Mechanical Testing 
Mechanical testing was performed to assess the 

material properties of the hydrogel to determine if the actuators 

could meet the demands of their applications and compare to 

native tissue. Samples were poured into custom 40 mm diameter 

x 13 mm height cylindrical PVC molds. Prior to compression 

testing, the samples were pre-compressed to a load of 0.6 N to 

ensure a consistent starting point for all the samples in the 

compression testing. The tests were performed using an Instron 

5967 Mechanical System in ambient air. After undergoing pre-

compression, the samples were loaded under compression at a 

constant displacement rate of 6.3 mm/min, which was 

determined to be a non-destructive rate that is sensitive enough 

to identify the elastic properties of the hydrogel. The Instron 

software collected force (N) and displacement data (mm) at a 

data collection frequency of 100 Hz. These values were then 

used to calculate secant modulus from of the engineering stress-

engineering strain. 

 

2.4 Degradation Study 
A degradation study was conducted to understand 

stability of the GEL-mTG material in physiologically relevant 

solutions. Cylindrical samples (d=50mm) were prepared 

according to the protocol in Figure 2. Initial mass was measured 

in the as-prepared, hydrated state. Samples were tested in 

aqueous solutions under two temperature conditions: (1) 20°C 

and (2) 37°C. Samples were removed from the bath, patted dried 

with a KimWipe, and mass recorded, daily until the samples fully 

dissolved. Density analysis was performed by tracking the 

sample weight and dimensions at every time point.  

 
2.6 Fatigue Testing 

Fatigue testing was used to demonstrate critical 

locations on the actuator that are susceptible to failure. Actuators 

prepared by two methods (Section 2.2) were contracted and 

relaxed at 1 cycle per second (approximate healthy adult human 

heart rate) until failure by applying force to the strings in the 

direction parallel to the long axis of the starting actuator (see 

Figure 3). Fatigue testing was performed on 12% GEL-8% mTG 

actuators that were fabricated by both the one-step and two-step 

process described in Section 2.2 to determine which method 

yielded more shear resistant actuators.  

 

3. RESULTS AND DISCUSSION 
 

3.1 Material Molding 
Actuators fabricated from GEL-mTG created freestanding 

structures (Figure 3a,b). As a result of fused deposition modeling 

(FDM) printing, molds created surface patterns with 258.8 ± 14.2 

μm lines. Lines were measured using ImageJ (Figure 3c). This 

surface texture can influence cell adhesion, spreading, migration, 

proliferation and differentiation [31] in future actuator 

applications. Previous studies have confirmed reduced immune 

and fibroblast responses in implants with surface roughness [14]. 

Surface texture in the range of 4 μm [14]- 10 μm [23] have 

demonstrated a reduced inflammatory and FBR response, and 

alignment for cell adhesion, respectively. Pattern size can be 

controlled by changing mold manufacturing techniques to 

achieve surface patterns on the order of cell and tissue guides.  

 
FIGURE 3: (a) mTG crosslinked GEL actuators contract (b) with 

nitinol wire tendons. (c) Surfaces of the actuator are patterned by 3D 

printed molds surfaces creating microgrooves on the surface. 

 

3.2 Analyzing Failure Modes 
After fabricating GEL-mTG materials, actuators made 

from the two-step method (removing impurities in an 

intermediate GEL melting step) were optically transparent yet 

more susceptible to shear failure during actuation with nitinol 

wire as seen in Figure 4a. A piece of polyethylene tubing is used 

to house nitinol wire at the top of the actuator to prevent 

shearing. Actuators made by the one step method (melt, mold) 

were subject to fewer failures during demolding and actuating 

(see Section 3.5). All further experiments were performed on 

materials prepared via one step unless otherwise noted.  

 
FIGURE 4: Actuator features and results of comparing one-step and 

two-step fabrication process. 

 
3.3 Mechanical Properties 

To evaluate the mechanical properties of GEL-mTG 

materials, displacement control uniaxial compression test data 

(force, displacement) was collected. Average stress (σ)-strain(ε) 

for 10% GEL (n=5) and 12% GEL (n=3) samples is shown in 

Figure 5a. Data shows nonlinear behavior characteristic of 

natural biopolymers. As an estimate of compression modulus, 

secant modulus was then calculated for each condition 
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(E10%GEL=123.54 ±8.5 kPa, E12%GEL=201.337 ±17.36 kPa). Our 

results show that an increase in GEL content correlates to an 

increase in stiffness, likely due to covalent crosslinking between 

GEL-mTG which creates a hydrogel that is resistant to 

mechanical forces. To better understand material behavior across 

a range of potential use cases of our actuators, we calculated 

instantaneous modulus using a moving average (n=300 points) 

to reduce noise in the sample (data resolution, ε~Δ10-5). 

Compression modulus for GEL-mTG samples is compared to a 

number of human tissues from literature [32] in Figure 5b.  

Studies have found that the severity of immune 

response is positively correlated to device stiffness [33]. Typical 

commercially available devices are around two to three orders of 

magnitude stiffer than devices that prompt a minimal immune 

response [33]. We anticipate that GEL-mTG actuators should 

perform better than commercially available devices with less 

severe immune response.  

 
FIGURE 5: (a) Stress strain data for 10 wt% (blue circle) and 12 wt% 

(orange triangle) samples. (b) Instantaneous compression modulus for 

10 wt% (blue) and 12 wt% (orange) samples to ~30% strain. 
 

In comparison to human tissues, the stiffness of the 

GEL-mTG actuators is similar to that of skeletal (170 kPa)[32] 

and cardiac tissue (50 kPa)[32].  Figure 5b shows that the moduli 

changes with the concentration of GEL as well as strain 

conditions. Our GEL-mTG actuators are able to match the 

stiffness of various biological tissues and can be used in many 

tissue engineering applications. Although our studies have 

focused on increasing GEL concentration, others found that 

surface hydrophobicity and thermal stability of GEL increased 

proportionally with mTG concentration, showing that the 

chemical and physical crosslinking of GEL-mTG also presents a 

higher melting point [34].  Overall, these results show promise 

that tuning the GEL-mTG content has potential to be 

mechanically and thermally compatible with the body. 

Additional mechanical tests at various stages of degradation will 

be an important next step in supporting this hypothesis.  

 
FIGURE 6: (a) Degradation data for 12 wt% GEL at 37°C (orange 

diamonds) and 20°C (peach circles), n=3 per condition. (b) Analysis of 

density of GEL samples display characteristics of surface erosion.  

3.3 Degradation Analysis 
Analysis of degradation data showed that samples 

maintained 50% and 70% of their mass up to t=14 days at 37°C 

and 20°C respectively. A density analysis during this study 

showed that density remains constant during the study indicating 

that degradation occurs via surface erosion.  
 

3.4 Finite Element Analysis 
The in-situ application of an actuator will govern its 

functional requirements. However, at this preliminary stage the 

actuator design is conceptual. Actuation via cables (Figure 3a,b) 

applies an eccentric compressive load which results in a uniform 

bending moment along the length of the actuator. The resulting 

deformation is concentrated in the hinges. As the actuation 

length progresses (Δx), and the compliant mechanism is realized, 

this force changes direction with the cables, resulting in a 

varying state of stress during the actuation cycle. Our objective 

of the finite element analysis is to evaluate initial elastic strains 

of the current design configuration. As the actuation begins, the 

hinge location experiences both flexural and axial compressive 

strains with a maximum on the inside face of the hinge. To 

evaluate the strain profile through the hinge section, a force of 

0.1 N was applied at the distal end of the actuator while fixed at 

the opposite face. The analysis here is performed within the 

material and geometrically linear range. The resulting strains are 

shown in Figure 7b. Once agreement between the numerical 

model and the physical specimen is confirmed, the model can be 

expanded to include both geometric and material nonlinearity in 

order to evaluate the stress range of full actuation cycle. 

 
FIGURE 7: Three phalange actuator that is modeled for finite element 

analysis. (b) Strain profile as a result of 0.1N axial load 

 

3.5 Fatigue Testing 
We hypothesized that actuators would fail at the bending 

hinge joints. As seen in Figure 8a, the two-step fabrication 

method actuators failed in a shear manner, propagating from the 

stress concentration at the hinge joint. These actuators 

functioned for approximately 2,100 cycles before failure. In-use, 

the actuators experience high strains that would place them in the 

non-linear region, thus exhibiting non-linear behavior. As such, 

we are seeing non-linear failure mechanisms such as crack 

propagation. Similar to our observations, surface cracks were 

observed on microcapsules of fish oil [35]. Similar to our 

solution of creating a foam layer in the one-step fabricated 

actuators for reinforcement, researchers found that a GEL-mTG-

maltodextrin encapsulation material formed a crust around the 

fish oil, resulting in less shrinkage and surface cracking [35].  
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FIGURE 8: (a) Fatigue testing shows actuators made by two step GEL 

fabrication protocol shear propagating from the stress concentration. (b) 

GEL actuators made by one step GEL fabrication protocol are tear 

resistant up to >7,000 cycles. 
 

When fabricated by the one-step fabrication method (Figure 

8b), the GEL actuators are tear resistant to over 7,000 cycles. We 

observe that the bubble formation on the surface of the actuators 

serves as a protective layer and toughening mechanism. In 

another GEL-based hydrogel, the foaming process created a 

spherical bubble pore network that had few areas of high stress 

concentration, forming a stronger scaffold.  
 

 
FIGURE 9: Fluid environmental test setup includes controls (blue) 

and actuator stage (red) showing overlaid actuators in aqueous solution. 

 

3.6 Developing a Fluid Test Environment 
In the future, we aim to evaluate GEL-mTG actuators in test 

cases and long-term studies in physiologically relevant fluid 

environments. To facilitate these experiments, we assembled a 

fluid test rig. The movement of the motor (Vex Robotics) is 

controlled by a microcontroller (Arduino Uno) circuit. The 

circuit uses an H-Bridge Chip L293DNE to control the direction 

of the rotation. The circuit is programmed to move the spool 

forwards and backwards in time increments, which are 

adjustable depending on application. We programmed the spool 

to move 128 degrees forward and backward in fifteen-47 ms 

pulses. The motor rests for 1 second between cycles. This speed 

was chosen to prevent damage to the actuator during the curling 

process. Figure 9 shows the test rig containing the circuitry, cable 

guiding spool and actuators.  

 

4. Conclusions 
This work demonstrates a protein-based biopolymer 

material fabricated as a tendon actuated soft robotic component. 

The mechanical properties of GEL-mTG match of a range of 

human tissues. This provides opportunities to tailor the material 

chemistry for a variety of biomedical applications. We better 

able to understand how the GEL-mTG actuators fail and could 

correct shear failure with a one-step fabrication process. Our test 

rig provides tools for exploration into material mechanics and 

long term and application-based studies. 

This work does present areas for further investigation. In the 

future we aim to better understand how GEL-mTG actuators 

operate as part of more complex dynamic robotics systems. 

Future efforts may focus on analysis to understand crack 

propagation to understand failure mechanisms and prevention to 

further support application of such materials in next generation 

medical devices. We believe these developments in soft actuator 

material will inform future work on biodegradable and 

biocompatible robotics incorporated into next generation VADs 

and medical devices. 
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