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Abstract—In this paper, we present the design, fabrication and 

evaluation of a soft wearable robotic glove, which can be used 

with functional Magnetic Resonance imaging (fMRI) during the 

hand rehabilitation and task specific training. The soft wearable 

robotic glove, called MR-Glove, consists of two major 

components: a) a set of soft pneumatic actuators and b) a glove. 

The soft pneumatic actuators, which are made of silicone 

elastomers, generate bending motion and actuate finger joints 

upon pressurization. The device is MR-compatible as it contains 

no ferromagnetic materials and operates pneumatically. Our 

results show that the device did not cause artifacts to fMRI 

images during hand rehabilitation and task-specific exercises. 

This study demonstrated the possibility of using fMRI and 

MR-compatible soft wearable robotic device to study brain 

activities and motor performances during hand rehabilitation, 

and to unravel the functional effects of rehabilitation robotics on 

brain stimulation.  

 
Index Terms—Magnetic resonance imaging, magnetic 

resonance compatible devices, rehabilitation robotics, soft 

wearable robotics, magnetic resonance compatible soft actuators. 

 

I. INTRODUCTION 

AND motor impairment is commonly observed in patients 

suffering from neurological disorders such as stroke. An 

individual’s ability and independence to perform activities of 

daily living (ADLs) are compromised due to hand motor 

impairment. Patients with impaired hand function are required 

to undergo physical therapy, which involves repetitive task 

practice (RTP) rehabilitation that usually breaks down to 

specific tasks similar to those commonly performed in daily 

life such as grasping and pinching [1]. This is done to improve 

hand functions in terms of range of motion (ROM) and 

strength. In order to assist caregivers in the rehabilitation 

process and to provide a more quantitative assessment, robotic 

devices with the ability to carry out repetitive tasks have been 

proposed [2, 3].  

While many clinical trials have been conducted to study the 

efficacy of various robot-assisted rehabilitation devices [4-6], 

the effectiveness of these interventions vary widely due to 

heterogeneity of mechanisms underlying motor recovery [7]. 

Recent development in neuroimaging techniques allows an 

in-depth investigation of brain motor recovery mechanisms. 

This is critical to better understanding the effectiveness of 

different rehabilitation techniques in treatment of neurological 

disorders [8, 9]. One of the most important neuroimaging 

techniques is functional magnetic resonance imaging (fMRI). 

fMRI has been widely used to investigate brain activity and 

reorganization in response to dynamic environments. Recent 

advances in neuroscience research using fMRI have gained a 

better understanding of brain neural plasticity and its 

relationship to motor recovery [10]. It gives important insights 

into brain mechanisms controlling voluntary movement as 

well as provides supporting evidence for optimal rehabilitation 

interventions and the development of rehabilitation robotics 

which can assist in the execution of motor tasks and study of 

brain responses using fMRI. 

However, conducting fMRI studies with rehabilitation 

robotic devices faces a significant design challenge, which is 

the compatibility of devices with the magnetic resonance (MR) 

environment. Traditional robotic devices are normally made of 

rigid components such as linear actuators and rotary motors 

[11, 12]. These components usually contain ferromagnetic 

materials, which can interfere with the strong magnetic field in 

the MR environment. Hence, substantial forces may be 

generated under the magnetic field and cause safety concerns. 

Furthermore, conventional actuators and sensors potentially 

emit radio frequency energy that will distort the quality and 

introduce artifacts to the MR image [13]. For fMRI studies, the 

gradient echo-planar sequences are normally prone to 

interference from changes in the homogeneity of the static 

magnetic field due to the introduction and operation of 

electrical equipment inside the scanner bore or room [14]. 

Therefore, signal loss and distortion will occur and lead to false 

activation or obscure true activation during fMRI studies.  

Considering the limitations of traditional robotic devices 

under MR environment, a new design paradigm of actuators 

and sensors must be considered in order to build a 

MR-compatible robotic device. In the past few years, several 

MR-compatible robotic devices have been proposed for various 

applications such as prostate therapy, liver therapy, 

neurosurgery, MR steered drug delivery, rehabilitation, and 

haptic devices pertained to fMRI-based studies of brain activity 

[15]. Various actuation principles have also been proposed for 

robotic applications in MR environments [16]. For example, 

Riener et al. [17] proposed a haptic interface for a neuroscience 

application. The device consisted of a Lorentz motor that 

interacted with the large static magnetic field and produced a 

Lorentz force that mobilized the hand. However, the device 
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suffered from low force output and its MR compatibility was 

dependent on its placement and orientation within the magnetic 

field [17].  

Several MR-compatible force-sensing systems have also 

been proposed such as a hydraulic system that transmitted 

force to a pressure transducer outside of the scanner room [18], 

an ultrasonic motor with an optical force sensor based on 

reflected light intensity [19] and a MR-compatible load cell 

that measured isometric forces generated by the hand [20]. In a 

recent study, Khanicheh et al. proposed a device to study brain 

motor performances using fMRI during hand rehabilitation. 

The device utilized electrorheological fluids to generate force, 

and measured patient motion and applied force at the same 

time via an optical encoder and a force sensor [21]. However, 

the MR-compatible devices described above consisted largely 

of traditional rigid actuators and sensor components, which run 

the risk of causing damage or discomfort to the user during the 

MR experiment [22]. Additionally, it can be difficult to 

replicate perfectly the motion of natural joints with rigid 

devices, especially for human hands and fingers that possess 

high degrees of freedom (DOF). 

Recently, new approaches have emerged with designs for 

hand robotic devices that are more wearable. These approaches 

utilize compliant materials such as cables or soft actuators for 

assisting hand and finger movements [23-29]. They are more 

portable and do not require complicated mechanical setups. 

This reduces setup time and the possibility of misalignment. 

Therefore, these devices are suitable for use as both 

rehabilitation and assistive devices that support task-specific 

training and simulated ADL tasks. Several research groups 

have developed soft hand robotic devices by combining 

wearable gloves with soft actuators [26-31]. For example, 

Connelly et al. have developed a pneumatic glove using 

inflatable air bladders that can assist finger extension [26]. 

Polygerinos et al. have designed a hydraulically actuated soft 

robotic glove that utilizes fiber-reinforced elastomeric actuators 

that can support finger motion [28]. One interesting 

characteristic of soft actuators is that they are made from 

non-ferromagnetic materials such as polyurethane and silicone 

elastomer. Thus, they are likely to remain functional in the MR 

environment and may not affect the MR environment. This 

feature motivated us to design a MR-compatible soft robotic 

glove, namely MR-Glove (Fig. 1), which can be used in fMRI 

studies in order to investigate the brain activity in relation to 

motor performance of the brain during simulated ADL tasks 

such as grasping and pinching. 

Hence, the objective of this work was to develop and 

evaluate the MR-Glove that utilized pneumatically actuated 

soft elastomeric actuators, for use in task-specific training of 

hand movement in conjunction with fMRI. In section II, we 

describe the soft actuator fabrication method and the design 

approach of the MR-Glove. Section III describes the 

quantitative and qualitative evaluation of the MR-Glove 

outside MR environment. Finally, in section IV, we 

investigate the MR compatibility of the MR-Glove in a MR 

environment.  

II. DESIGN OF A MR-GLOVE SYSTEM FOR APPLICATIONS IN 

MR ENVIRONMENTS 

In this work, we aim to design a MR-Glove system that can 

be combined with fMRI to monitor the brain activation and to 

study the brain mechanisms and training-induced 

reorganization of the motor system during hand rehabilitation 

that emphasizes intense active movement repetition in 

performing simulated ADL tasks.  

During the fMRI scans, the subject views a guidance video 

that displays the desired movement (Fig. 2(a)). The MR-Glove 

can be programmed to operate in three modes:  

(i) Passive movement mode, in which the subject’s hand 

remains passive and the MR-Glove will provide assistance to 

guide the desired movement. This mode allows the study of 

whole brain response to passive movement kinematics 

involved in continuous passive motion [32]. 

(ii) Assistance-as-needed mode, in which the subject 

attempts to move and the MR-Glove supplements the effort 

[33]. A time-triggered assistive control strategy will be 

implemented [34]. The subject is provided 1-3s to attempt the 

desired movement and the MR-Glove will then provide 

assistance for 1-3s. If the subject fails to complete the hand 

movement with the desired range of motion, the MR-Glove 

will move the hand to complete the range of motion. If the 

subject manages to complete the movement with the desired 

range of motion, the actuators of the MR-Glove will be simply 

pressurized with no effect on the hand (Fig. 2(b)). As the 

glove utilizes flexible and low-impedance elastomeric 

actuators, it does not interfere with the hand movement when 

the subject attempts the desired movement. The time period 

given to the subject to attempt the movement can be adjusted 

based on the hand function, to be longer for subjects with 

poorer hand function and shorter for subjects with better hand 

function. This time-triggered assistive control strategy, 

combined with the guidance video, allows the subject to 

practice active repetitive movement by reconnecting intention 

to action [33]. 

 
Fig. 1.  A MR-Glove prototype.  
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(iii) Bilateral movement mode, in which the subject 

attempts to perform bimanual ADL tasks simultaneously. A 

MR-compatible data glove with ability to track the hand 

kinematics can be worn on the nonparetic hand in order to 

detect the voluntary movements of the nonparetic hand and 

activate the MR-Glove on the paretic hand (Fig. 2(c)). 

Combining with fMRI, we can study the neural mechanism 

involved when the subject is performing bimanual training 

based on natural inter-limb synchronization and coordination 

as well as the reorganization of brain mappings on both the 

unaffected and affected hemisphere [35]. This control strategy 

is able to provide insights into the efficacy of bimanual 

training strategy at the brain level.  

A. Actuator Design 

A number of research groups have developed soft 
pneumatic actuators such as PneuNets actuators [36] and 
fiber-reinforced actuators [37, 38] for the soft robotic glove 

application. Fiber reinforcement has been proved to be a 
robust method to constrain the undesired radial expansion, 
which does not contribute to effective motion during 
pressurization. However, this method limits the bending 
capability of the actuators; as a result, higher pressure is 
needed to achieve desired bending. 

In this paper, we developed a new type of soft 
fabric-regulated pneumatic actuators with a corrugated outer 
fabric layer which could minimize the excessive budging and 
provide better bending capability compared to soft actuators 
used in previous studies [39, 40]. This corrugated fabric layer 
allows a certain degree of initial radial expansion to initiate 
bending and then constrains any further radial expansion (Fig. 
3(a)). A two-part 3D-printed mold is required to fabricate the 
actuators. The lower-part mold (chamber mold) is used to 
create a pneumatic chamber inside the actuators, which will 
inflate upon pressurization, while the upper-part mold (outer 
layer mold) is used to impose the corrugated outer layer at the 
top of the actuators. The detailed description of the fabrication 
process can be found in the Supplementary Information S1.  

Upon pressurization, the top surface of the actuators 
expands due to the inflation of the embedded pneumatic 
chamber. The strain-limiting fabric restricts the elongation at 
the bottom surface. This results in the bending of the actuators 
upon actuation. Combining both stretchable and strain-limiting 
fabrics at the bottom surface (Fig. 3(b)), the actuators can 
achieve bending and extending motions (Fig. 3(c)). The 
bending motion can support the flexion at the finger joints and 
the extending motion can offset the increased distance due to 
skin stretching when the finger is flexing.  

B. MR-Glove Prototype Integration 

The overall structure of the device is a glove with five 

actuator-finger pockets attached on the dorsal side (Fig. 1). 

The glove serves as a compliant interface to the human hand 

and provides minimal mechanical impedance to the finger 

 
Fig. 2. (a) MR-Glove combined with fMRI. During the fMRI scans, the 

subject views a guidance video that displayed the desired movement. (b) 

Time-triggered Assistance-as-Needed Mode, (i) Subject is provided a certain 

time period to complete the desired movement. The MR-Glove provides 

assistance to complete the movement if the subject fails to complete the 

movement, (ii) If the subject manages to complete the desired movement, the 

actuators will be pressurized with no effect on the hand. (c) Bilateral 

Movement Mode. A MR-compatible data glove with ability to track the hand 

kinematics is worn on the nonparetic hand to detect the voluntary movements 

of the nonparetic hand and activate the MR-Glove on the paretic hand. 
 

 
Fig. 3. (a) Side view of the actuator with corrugated-fabric layer. (b) Bottom 

view of the actuator with stretchable and strain-limiting fabrics. (c) 
Combination of motions achieved by the actuator inside the actuator pocket. 
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motion when being worn. Open palm design is adopted for 

easy donning and doffing of the glove. 

The soft actuators can be easily inserted into the actuator 

pockets. The actuator pockets are made from stretchable lycra 

fabrics, which serve as second constraining layers for the 

actuators. Each actuator is isolated with respect to the others, 

thus the assistance of each finger can be achieved 

independently. This allows for execution of different 

simulated ADL tasks. Silicone connecting tubes of the 

actuators are connected to an external pneumatic source.  

The entire device (the glove with all the actuators and 

connecting tubes) weighs less than 180g. Upon air 

pressurization, the device actuates and assists with hand 

grasping. Upon depressurization, the actuators act as an 

elastomeric return spring. The elastic forces of the elastomer 

serve as a passive return mechanism that brings the fingers to 

the open hand state [41]. In this paper, we consider only one 

task-specific exercise during rehabilitation, which is hand 

grasping. Actuation of the thumb is not considered.  

III. PERFORMANCE OF MR-GLOVE 

A. Force Tests of Actuator outside MR environment 

The total grip force applied by the actuators during 
pressurization was measured using a universal testing machine 
(Model 3345, Instron, MA, USA). A cylinder with diameter of 
75mm was positioned at the palmar side of the glove (Fig. 
4(a)). Four actuators were pressurized to 120kPa to enclose and 
grasp the cylinder. The glove was anchored to the table and the 
cylinder was pulled upward by the Instron at a fixed velocity 
(8mm/s) until the cylinder was released from the actuators’ 
grasp. The experiment was repeated five times and the results 
were averaged and shown in Fig. 5(a). The actuators had a total 

grip (resistive) force of 41.01±2.73N. Considering a friction 
coefficient of 0.46 [42], the actuators were able to generate a 
total friction force of 18.88N to counteract the weight of an 
object. As the objects of daily living do not weigh more than 
1.5kg [43], the friction force was found to be sufficient to lift 
most of the objects.  

Assuming the total grip force was equally distributed by 
four actuators, each actuator was able to apply a grip force of 
10.25N during pressurization. According to a previous study, 
the estimated minimum force required to achieve a palmar 
grasp and manipulate most objects of daily living is 8N [28]. 
Therefore, the grasping force generated by each actuator was 
thus considered to be sufficient to actuate the fingers. 
Compared to the fiber-reinforced actuators which are made 
from Elastosil M4601 (Shore Hardness 28A) and operates at 
the pressure range of 275-375kPa [28], the actuators developed 
in this study were able to achieve higher force output at lower 
pressure, with a less stiff material (Shore Hardness 10A). With 
this advantage, the selection of the electro-pneumatic 
components such as pump and valves is less stringent. 

In a second experiment, the force exerted by an actuator on 
the intermediate phalanx of the index finger was measured with 
a flexible force sensor (FlexiForce A201, Tekscan, MA, 
USA)(Fig. 4(b)). The force increased with increasing pressure 
(Fig. 5(b)). The maximum force was 0.86±0.06N at 120kPa.  

B. Range of Motion of MR-Glove outside MR environment 

An optical-based motion analysis system with eight cameras 

(Vicon Motion System Ltd., UK) was used to capture the 

kinematic of the finger of a healthy subject. Twelve reflective 

markers were attached to the glove according to the VICON 

Right Hand Model. The motion profile of the index finger was 

tracked in this case as the index finger provided the best line 

 
Fig. 4. Force setup to measure (a) total grip force applied by four actuators 

during pressurization and (b) force exerted by single actuator on the 
intermediate phalanx of the index finger.  

 
Fig. 5. (a) The load-extension response of four actuators gripping a cylinder 

with 75mm diameter. (b) The force-pressure relationship of a single actuator 

on the intermediate phalanx of the index finger. 
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of sight for the cameras to detect the markers. The markers 

were attached to the index finger at locations corresponding to 

the fingertip, distal interphalangeal (DIP), proximal 

interphalangeal (PIP) and metacarpophalangeal (MCP) joints 

(Fig. 6). The trajectories of the markers were recorded by the 

cameras at a sampling rate of 100Hz.  

Three sessions were conducted for the subject. In the first 

session (Condition 1), the subject was asked to actively flex 

and extend his fingers with the presence of the glove but 

without the presence of the actuators. In the second session 

(Condition 2), the subject was asked to actively flex and 

extend his fingers with the presence of both the glove and the 

actuators. In the third session (Condition 3), the subject was 

instructed to relax his muscles and the finger flexion was 

assisted by the actuation of the soft actuators at 120kPa. Five 

trials were repeated for each session. The kinematics data 

were averaged across five trials and analyzed using VICON 

BodyBuilder and VICON BodyLanguage (Vicon Motion 

System Ltd., UK) with customized code to calculate the ROM 

of each joint. The mean and standard deviation (SD) of the 

ROM across the five trials were reported in Table I. 

The results shown in Table I for conditions 1 and 2 indicate 

that the presence of the actuators did not affect the ROM of 

each joint significantly. In the case of condition 3, our results 

indicate that the MR-Glove could achieve at least 95.4% of the 

active ROM for each joint. The peak flexion angles of DIP in 

both Condition 1 and 2 were smaller than that in Condition 3 

because the subject did not intentionally flex his DIP joint to 

its maximum active ROM, which is 84.0±8.5° reported in the 

literature [44]. The achievable ROM in Condition 3 was found 

to be within the functional ROM of joints reported in the 

literature [44]. These results demonstrate that the MR-Glove is 

able to support the ROM of a human hand.  

C. Controller Design & Mechanical Implementation 

An electro-pneumatic actuation system was utilized in order 

to allow for actuation of the MR-Glove. The control system 

that controls the individual digital actuations of the MR-Glove 

system is based on an Arduino Mega micro-controller. The 

microcontroller is connected to a series of current drivers. The 

closed loop pneumatic actuation and sensing system consists 

of air pressure sensors (MPX5500DP, Freescale, TX, USA) 

for air pressure regulation within each actuator, miniature 

solenoid valves (X-Valve, Parker Hannifin Corp., OH, USA), 

and a miniature air compressor (AF186, Airbrush, SG). 

An industry-standard Proportional Integral Derivative (PID) 

control algorithm is used ensure that the measured air pressure 

(P) of the actuators are close to desired air pressure (Pref). This 

algorithm is used on 97% of all control loops used in process 

control in refining, chemical and pulp and paper industries 

[45] where physical models can be difficult or laborious to 

obtain. This is especially so in our case where flexure is 

non-trivial to model. Hence, the control scheme has to be able 

to accommodate a black-box model. In addition, control loop 

tuning is simple as the changes in transient performance 

correlate easily with changes in control gains. For these 

reasons, the PID algorithm was selected for this work. A 

diagram showing the control loop and the mechanical 

connections is shown in Fig. 7.  

The coupled current driver utilizes a Pulse Width 

Modulation (PWM) voltage scheme to indirectly control the 

valve current. The PID control scheme was implemented on 

the microcontroller with a sampling frequency of 100Hz. A 

miniature solenoid valve with a nominal response time of 

20ms and PWM frequency of 50Hz was used for each 

actuator. The valve was connected to the actuator where the 

inlet was in line with the pressure sensor and the outlet with 

air exhaust.  

In a step pressure tracking experiment, the desired pressure 

Pref was set at 120kPa, which was the pressure that 

corresponded to full finger flexion based on the results from 

ROM test. The actuator for the index finger of the MR-Glove 

was pressurized from 0kPa to 120kPa. The control loop was 

tested in a step response experiment (Fig. 8(a)). The control 

parameters are selected as Kp = 20, Ki = 0.7 and Kd = 0.1. 

When excited by a step input with Pref = 120kPa, the closed 

loop system had a rise time of 1.79s and a settling time (5%) 

of 2.08s, with a steady state error of 3.21kPa (2.68%).  

Additionally, step and sinusoidal force tracking experiments 

were conducted to evaluate the force control of the system 

with the setup described in Section IIIA. The control 

parameters are selected as Kp = 20, Ki = 25 and Kd = 0.1. 

When excited by a step input of 0.8N, the closed loop system 

had a rise time of 1.20s, a settling time (5%) of 1.68s, with a 

 
Fig. 6.  The measured trajectories for the index, middle, ring, and small 

fingers during finger flexion. 

  
TABLE I 

PEAK JOINT FLEXION ANGLE 

Condition MCP (°) PIP (°) DIP (°) 

1: Active (without 

actuator) 

88.9±4.9 94.5±0.8 36.7±0.8 

2: Active (with actuators) 86.6±1.3 88.2±1.9 34.6±0.7 

3: Passive (assisted by 

actuators) 

79.2±4.1 84.3±6.8 46.4±9.9 

 

 
Fig. 7.  Control implementation for each individual soft actuator. 
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steady state error of 0.03N (Fig. 8(b)). The closed loop system 

bandwidth was found to be 0.29 Hz. In the sinusoidal 

experiment (Fig 8(c)), the system was able to track a force 

reference signal of 0.2Hz with root-mean-square error of 

0.05N (6.25%).  

D. Tracking of Hand Kinematics 

To enable tracking of hand kinematics during MR 

experiments, optical fiber Bragg gratings (FBG) sensors 

(DTG-A3A4-E00, FBGs, Geel, Belgium) were integrated in 

the MR-Glove (Fig. 9). FBG sensors are optical fiber sensors 

sensitive to strain. Therefore, they can be used as a strain 

gauge sensor that applied to each phalanx joint in order to 

measure the skin stretch during hand closing and opening and 

translate the strain to joint angle. In this work, four fibers were 

used. Three FBG sensors, which corresponded to MCP, PIP, 

and DIP joints, were placed in each fiber and occupied a small 

bandwidth. The detailed description of the specification and 

integration of FBG sensors can be found in the Supplementary 

Information S2 and S3. 

The reflected Bragg signal of a FBG sensor changes its 

spectral component as a function of the strain. The Bragg 

signal wavelength equation is expressed as 

𝜆! = 2 ∙  𝑛!""  ∙  Λ!       (1) 

where 𝑛!"" is the effective refraction index of the fiber core 

and Λ!  is the grating pitch. When a spectrally broadband 

source (interrogator) injects light into the fiber, a narrow 

spectral component is reflected back by the grating. The strain 

response results from the physical elongation of the sensor 

will induce the changes in both refraction index and grating 

pitch. Thus the Bragg wavelength 𝜆!changes accordingly. For 

a more detailed working principle of FBG sensors, the authors 

refer to the work done by da Silva et. al [46].  

To validate the accuracy of kinematics measurement of the 

FBG sensors, the relationship between the wavelength 

variation and the reference joint angles was determined under 

three conditions (FP: voluntary movements with sensors alone; 

GS: voluntary movements with sensors integrated with the 

glove and the glove was silent; GA: glove-assisted movements) 

using the motion analysis system (Vicon Motion System Ltd., 

UK) described in Section IIIB (Fig. 10). As the subject flexed 

the fingers, a positive wavelength deviation was observed, and 

vice versa. The capability of tracking hand kinematics during 

MR-experiments was demonstrated in Figure 11(c) and (d). 

The small difference between the calibration curves might 

be due to a transverse and uniform distributed forces applied 

on the sensors when the sensors were integrated with the glove 

and the glove was activated, which induced refractive index 

changes and by consequence a birefringence [47]. If the 

sensors were integrated directly into the actuators, the force–

related deformations in the pneumatic chamber will aggravate 

 
Fig. 8.  (a) The pressure and (b) force step response of the controller 

implemented on the MR-Glove. (c) Sinusoidal tracking performance with a 

force reference signal of 0.2Hz. 

 

 
Fig. 9. (a) FBG sensors integrated with MR-Glove. (b) The complete 

MR-Glove system with electro-pneumatic control system, FBG sensor array, 

and FBG Interrogator (FBG-Scan 804D). 
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the birefringence effects. To mitigate this phenomenon, 

instead of integrating the sensors directly into the actuators, 

they were embedded into a finger patch, which was placed in 

between the fingers and the actuators (Supplementary 

Information S3). With this configuration, pressurization of the 

pneumatic chamber will not apply transverse forces directly to 

the sensors, but instead, apply the forces directly to the fingers 

and flex the finger joints. The longitudinal strain resulted from 

finger bending will be captured by the sensors. Prior to the 

fMRI experiments, initial calibration under three conditions 

(i.e. FP, GS, and GA) is also required in order to capture the 

finger kinematics properly.  

IV. MR COMPATIBILITY TESTS OF MR-GLOVE 

To investigate the MR compatibility and the possibility of 

MR-Glove causing artifacts and degradation to the MR images 

in the MR environment, a series of phantom and human tests 

were conducted. 

A. Experimental Setup 

The experiments were performed on a Siemens 

MAGNETOM Tim Trio 3T MRI system. Structural MR 

images were acquired using magnetization-prepared rapid 

gradient-echo (MPRAGE). The acquisition parameters were: 

FOV 256×256 mm
2
, matrix 256×256, slice thickness 1 mm, 

slice number per slab 176, TR/TE = 1900/2.52 ms, echo 

spacing time 7.5 ms, bandwidth 170 Hz/pixel. Parallel 

acquisition was conducted in the GRAPPA mode, with 

reference line phase encoding (PE) = 24, and an acceleration 

factor of 1. TIEFF of the MP-RAGE sequence, which defined as 

the time between the inversion recovery pulse and k-space 

center acquisition, was set at 900ms with a flip angle of 9°. The 

total acquisition time for each test was 4 minutes 26 seconds. 

Functional MR images were acquired using a gradient 

echo-planar (GE-EPI) sequence. The GE-EPI was acquired 

with the following parameters: FOV 220×220 mm
2
, matrix 

64x64, slice thickness 3.4 mm, number of slices= 42 acquired 

in an interleaved fashion, TR/TE = 3000/30 ms, echo spacing 

time 0.73 ms, EPI factor = 64, bandwidth 1502 Hz/pixel, and 

number of measurements= 89.  

B. Phantom Test 

To test the compatibility of MR-Glove under MR 

environment, phantom tests were conducted. The variations of 

signal to noise ratio (SNR) of the MPRAGE structural images 

and temporal signal to noise ratio (tSNR) of the EPI functional 

images were computed. A Siemens standard spherical 

phantom composed of NiSO4x6H2O was used as a phantom. 

Phantom control images (NG: No Glove) were first acquired 

without the presence of MR-Glove. In the second trial (GS: 

Glove Silent), MR-Glove was placed on the scanner table, 

25cm in front of the cylindrical phantom. Silicon pneumatic 

tubes (Length: 4m) were connected to the actuators and the 

distal ends of the tubes were connected to the 

electro-pneumatic actuation system located outside the MR 

room. The phantom images were then acquired with the 

presence of the MR-Glove. The phantom remained stationary 

throughout the entire tests. In the third trial (GA: Glove 

 
Fig. 10. (a) Example of the experiment setup to determine (b) the 

relationship between the wavelength variation and the reference PIP joint 

angle under three conditions (FP: voluntary movements with sensors alone; 

GS: voluntary movements with sensors integrated with the glove and the 

glove was silent; GA: glove-assisted movements). 

  

 
Fig. 11.  (a) The experimental paradigm. MRC-Glove was activated during 

the five 30s-blocks. (b) In each 30s-block, the actuators were activated and 

deactivated for five times. Both the activation and deactivation time were 3 

seconds. The Pref was set at 120kPa, which was the pressure that 

corresponded to full finger flexion based on the results from ROM test 

outside the MR environment. The wavelength variation of the FBG sensors 

on MCP, PIP, DIP joints when (c) the subject flexed his fingers voluntarily 

(Condition GS) and (d) the subject was instructed to relax his muscles and 

the finger flexion was assisted by the actuation of the soft actuators at 

120kPa (Condition GA). 
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Active), the phantom images were obtained in the presence of 

MR-Glove, with actuators activated according to the preset 

experimental paradigm outlined in Fig. 11(a) and (b).  

 

1) MPRAGE structural phantom images 

SNR of the phantom images under three conditions 

(Condition 1: Control, Condition 2: Presence of MR-Glove, 

and Condition 3: Presence of activated MR-Glove) were 

computed in the image domain. The SNR was computed 

according to NEMA method 1 (N1) [48]. 

In the N1 method, two phantom images were acquired with 

the same imaging parameters within 5 min of each other. The 

signal was defined as the average pixel value of a region of 

interest (ROI) encompassing 75% of the signal-producing 

region of the average image of two images. To obtain the 

noise, the two images were subtracted to produce a third 

image. A ROI, which was used in the above signal calculation, 

was drawn in the third image. The standard deviation (SD) 

from this ROI was taken as the image noise.  

𝑆𝐷 =  

𝑅 𝑖,𝑗 − 𝑅
2𝑚

𝑖

𝑗=1
𝑛
𝑖=1

(𝑚
𝑖
)−1𝑛

𝑖=1

1

2

      (2) 

 

where R(i,j) is the individual pixel value within the ROI, 𝑅 is 

the average pixel value of the ROI, and i and j are pixel 

numbers in the row and column direction. 

The SD was then divided by √2 = 1.41 Gaussian 

distribution correction factor [49].  

The MPRAGE phantom images under the three conditions 

are presented in Fig. 12(a)-(c). The phantom signal remained 

stable despite the introduction and operation of the MR-Glove 

(Table II). The mean signal intensity deviated less than 0.05% 

from the control condition. Two-tailed Student’s t tests (P = 

0.05) were conducted to compare the values of mean SNR 

under condition GS and GA to control condition NG. Results 

showed that there was no statistically significant difference 

between the control condition NG and condition GS, as well as 

between the control condition NG and condition GA.  

 

2) EPI functional phantom images 

tSNR was used to access the introduction of temporal 

fluctuations in the fMRI signal due to a particular 

experimental condition. This measure, which was proposed in 

[50, 51] and conventionally used in MR-compatible robotics 

literature [52-54], was defined on a voxel-wise basis as the 

mean signal intensity divided by the temporal standard 

deviation (fluctuation noise). 

A ROI was defined as a rectangular set of 16x16x16 

adjacent voxels in the center of the phantom, resulting in a 

total of 4096 voxels. For each individual voxel i, the signal 

intensity was averaged across the time series, with mean 𝑆i. To 

calculate the fluctuation noise, the time series for each voxel i 

was detrended using a linear regression. The fluctuation noise 

for each voxel i is the SD of the residuals after detrending. 

tSNR (expressed in dB) for each voxel i was calculated as 

𝑡𝑆𝑁𝑅! =  20 log!"
𝑆𝑖

𝑆𝐷𝑖
       (3) 

The measured distributions of tSNR from all 4096 voxels were 

subject to non-parametric Kruskal-Wallis test to evaluate the 

significance of the effect of a particular experimental 

condition on tSNR. This statistical analysis was used to test 

the null hypothesis stating that the mean rank of samples 

(voxels) for the given measure of interest (tSNR), in each 

experimental condition (NG, GS, GA), is the same [53]. 

 The results showed that the effect of the experimental 

condition on tSNR was not significant at the p<0.05 

significance level (p=0.18) (Fig. 13(a))  

C. Human Test	

Human tests were conducted with a healthy human subject 

who underwent hand-grasping exercise assisted by MR-Glove. 

MR-Glove was activated according to the preset experimental 

paradigm (Fig. 11(a), (b)). Both the MPRAGE structural 

images and the EPI functional images were acquired with the 

subject lying in the normal supine position in the MR scanner. 

The images were acquired under three conditions, NG: 

Control (No MR-Glove in the scanner), GS: Presence of 

MR-Glove in the scanner and the subject was wearing the 

glove, and GA: Presence of MR-Glove in the scanner. The 

actuators were activated and the finger joints of the subject 

were actuated. 

 

1) MPRAGE structural brain images 

SNR of the MRRAGE brain images were calculated 

according to the N1 method. ROIs were drawn on each image 

slide over the largest region of white matter in the central area 

of the brain axially on both the left and right sides [49]. The 

MPRAGE structural brain images under the three conditions 

are presented in Fig. 12(d)-(f). The brain signal remained 

stable despite the introduction and operation of the MR-Glove. 

 
Fig. 12.  Effect of MR-Glove on MPRAGE phantom and brain images: (a,d) 

Control (NG). (b,e) Presence of MR-Glove, not operating (GS). (c,f) 

Presence of MR-Glove, operating (GA).  

TABLE II 

SNR FOR MPRAGE PHANTOM IMAGES 

Condition Signal (a.u.
a
.) SNR P-Value 

NG: Control 1522.0±45.1 257.7±18.6  

GS: Presence of MR-Glove 

(Not Operating) 

1522.7±45.5 256.5±13.1 0.94 

GA: Presence of 

MR-Glove (Operating) 

1521.6±46.0 256.3±8.2 0.91 

a
a.u.=arbitrary unit 

Signal and SNR data were measured and averaged across 11 slices in 

transverse section. Each slide consisted of 24496 voxels. 
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The mean signal intensity deviated less than 0.77% from the 

control condition NG. The values of mean SNR and its SD 

were computed and reported in Table III. Simple two-tailed 

paired t-tests (p = 0.05) comparing condition GS and condition 

GA to control condition NG did not reach statistical 

significance.  

 

2) EPI functional brain images 

tSNR was calculated using the method described in the 

phantom test. Similarly, the measured distributions of tSNR 

were subject to non-parametric Kruskal-Wallis test. The 

results showed that the effect of the experimental condition on 

tSNR was not significant at the p<0.05 significance level 

(p=0.86) (Fig. 13(b)).  

V. DISCUSSION AND CONCLUSION 

 A MR-compatible soft robotic glove using soft pneumatic 

actuators was proposed for hand rehabilitation, particularly 

task-specific exercises. Force tests with the actuators showed 

that they were able to provide a total grip force of 41.01N and 

actuate the finger joints with at least 95.4% of active ROM. 

The ROM experiment demonstrated that the MR-Glove was 

able to support the ROM of a human hand. MR-compatible 

FBG sensors were integrated with the MR-Glove in order to 

serve as real-time hand kinematic tracking elements that are 

able to quantify the movement of the finger joints in the MR 

environment. Phantom and human tests were conducted with a 

MRI system in order to evaluate the MR-compatibility of the 

MR-Glove. Our results from the phantom and human tests 

demonstrated that there was no significant degradation effect 

and artifacts in the MR images with the introduction and 

operation of the MR-Glove.  

The closed-loop pressure and force control presented in this 

work has been successfully implemented in line with previous 

works, which demonstrated the ease of actuator controllability 

[24, 28]. To be specific, closed-loop performance of the 

MR-Glove has comparable system bandwidth and step 

response characteristics to that presented in [28]. The 

actuation frequency of the MR-Glove (0.2-0.3Hz) is also 

comparable to the full range of motion frequency of typical 

rehabilitation exercises for the finger (<0.5Hz) [28, 55].  

As the glove is pneumatically actuated, it suffers from long 

delay and limited bandwidth [16]. As a result, it might not 

suitable for fMRI studies of applications involving fine motor 

control and highly dynamic interactions with the hand and 

fingers [56]. Therefore, we foresee that the MR-Glove will be 

suitable for applications with simple tasks and control 

schemes, such as performing simple simulated ADL tasks 

(hand pinching, grasping and opening) using time-triggered 

and bimanual control strategies. On a positive note, as most of 

manual interventions during physiotherapy sessions are 

carried out meticulously to avoid incidental damage secondary 

to sudden or brisk movement on stiffened joints or paralyzed 

muscles, by maintaining the lead time between sensing and 

actuation, the patient can expect the next move and prepare to 

respond comfortably. The system bandwidth is limited by 

compressibility of the air, the response time (20ms) and the 

flow rate (<4slpm) of current valves. To increase bandwidth 

and reduce delay, compressed air supplies with faster flow rate 

as well as valves with faster flow rate and response time will 

be selected in the future. The design of the actuators will be 

further optimized in order to reduce their operating pressure 

and increase their actuation speed. 

The limitation of the current work is that the MR-Glove 

applies forces to flex the finger and assists passive finger 

extension with the elastic properties of the actuators and the 

elastic textile materials of the actuator pockets. For patients 

with increased flexor tone and spasticity (Modified Ashworth 

Scale >1+), this passive extension mechanism might not have 

enough force to unclench their hand or extend their fingers. In 

the future, soft elastomeric actuators that are able to achieve 

bi-directional actuation will be explored in order to develop a 

bi-directional soft robotic glove that is capable to provide 

active flexion and active extension in order to cater for a larger 

patient population with various hand mobility issues. 

The control and sensing has its limitations. It would be ideal 

to be able to conduct closed-loop position or force 

(impedance) control. For the force (impedance) control, the 

challenge is in sensing as force sensors and their associated 

cabling are ferrous. This hinders their use in a MR 

environment. For the position control, further work is planned 

to use the FBG sensors presented in this work as the position 

feedback in the control loop. Going further, both force and 

position control strategies will be studied in greater detail. In 

addition, through offline characterization, sensor fusion can be 

implemented to infer the actuation force with pressure and 

position measurements. This is to improve rehabilitation 

outcomes and to ensure patient safety. Regarding the issue of 

birefringence due to the gentle forces applied transversely on 

the sensors when the glove was activated, a proper FBG 

integration method (such as helically-wrapped FBG sensors 

around a flexible substrate so that they are flexible in bending 

TABLE III 

SNR FOR MPRAGE STRUCTURAL BRAIN IMAGES 

Condition Signal (a.u.
a
.) SNR P-Value 

NG: Control 325.7±16.5 38.6±2.6  

GS: Presence of MR-Glove 

(Not Operating) 

325.5±16.1 38.3±4.6 0.86 

GA: Presence of 

MR-Glove (Operating) 

328.2±15.8 37.9±2.9 0.55 

a
a.u.=arbitrary unit 

Signal and SNR data were measured and averaged across 11 slices in 

transverse section.  

 

 

 
Fig. 13. Box plot describing the distribution of tSNR in different 

experimental conditions during (a) phantom and (b) human tests. (Red line: 

the median, box edges: the 25
th
(q1) and 75

th
 (q3) percentiles. Whiskers extend 

to q3 +1.5(q3-q1) and q1-1.5(q3-q1). 
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and stiff to axial compression [57]) will be required. 

Additionally, developing a force-strain model that is able to 

isolate force measurements from the FBG readings will also 

be considered to mitigate this issue.  Nevertheless, we believe 

that through proper initial calibration, the FBG sensors 

integrated MR-Glove presented in this study is able to track 

the finger kinematics sufficiently, as we are looking into fMRI 

studies that involve simple tasks and control schemes. 

To our best knowledge, this is the first study that evaluated 

the MR-compatibility of a soft robotic device proposed for 

hand assistive, rehabilitation and task-specific training 

applications. Based on soft robotics technology, this work 

offers a new design paradigm for MR-compatible devices that 

predominantly utilize rigid components such as ultrasonic 

motors and piezoelectric actuators. The MR-Glove has the 

potential to increase the benefits of robot-assisted hand 

therapy by providing portability, lower weight, and safer 

human-robot interactions. Apart from being able to serve as an 

assistive device and conduct task specific exercises that 

simulate ADL, we envision that the MR-Glove can also serve 

as a useful tool in fMRI motor studies in order to understand 

the motor performances of the brain and to unravel the effect 

of robot-assisted therapy during hand rehabilitation.   
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