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VARIABLE RESISTANCE HAND 
REHABILITATION DEVICE WITH LINEAR 
SMART FLUID DAMPER AND DYNOMETER 

CAPABILITIES 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present utility patent application claims the 
bene?t of priority to US. Provisional Patent Application No. 
61/1 30,484 dated May 30, 2008 entitled “Variable Resistance 
Hand Rehabilitation Device With Linear Smart Fluid Damper 
And Dynometer Capabilities”. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] (Not applicable) 

BACKGROUND OF THE INVENTION 

[0003] A device for hand rehabilitation is disclosed, and, 
more particularly, a one degree-of-freedom hand rehabilita 
tion device that provides controllable resistance during hand 
gripping and hand-releasing exercises and that is compatible 
With magnetic resonance imaging (MRI) is disclosed. 
[0004] Of the many impairments that result from stroke, 
perhaps the most disabling is hemiparesis of the upper limb 
because the impact on disability, independence, and quality 
of life is so marked. Stroke survivors typically receive inten 
sive, hands-on physical and occupational therapy to encour 
age motor recovery. However, due to economic pressures on 
the US. health care industry, individuals, post stroke, are 
receiving less therapy and are being discharged from reha 
bilitation hospitals before rehabilitation is complete. 
[0005] Robotic/force feedback training is a considerably 
neW technology that has shoWn great potential for application 
in the ?eld of neuro-rehabilitation as it has several advan 
tages, e.g., motivation, adaptability, data collection, and the 
ability to provide intensive individualized repetitive practice. 
Studies on robotic/force feedback devices for post stroke 
upper extremity rehabilitation have shoWn signi?cant 
increases in upper limb function, dexterity, and ?ne motor 
manipulations as Well as improved proximal motor control. 
[0006] Furthermore, functional Magnetic Resonance 
Imaging (fMRI), Which maps brain hemodynamic changes, is 
being more Widely used to study human brain mechanisms 
controlling voluntary movement and reorganization of the 
sensorimotor brain system in response to neurological inju 
ries such as stroke. fMRI-compatible devices are required to 
study the brain mechanisms of motor performance in control 
lable dynamic environments; to enable clinicians to quantify 
and monitor the effect of motor retraining in stroke patients; 
and to improve the practice of neuro-rehabilitation. 
[0007] Due to the nature of fMRI modality, Whichuses high 
energy magnetic ?elds, fast-sWitching magnetic ?eld gradi 
ents and radio-frequency pulses, as Well as being very sensi 
tive to external noise, the development and use of MR-com 
patible devices are very challenging tasks. Despite these 
challenges, MR-compatible, force feedback interfaces have 
been introduced in the past feW years. Embodiments of these 
interfaces have included: a manipulandum With actuators, 
force and/ or motion sensing systems, and tactile stimulators, 
all of Which enable neurologists to investigate motor perfor 
mance and the mechanisms of neural recovery folloWing 
neurological injuries such as stroke. 
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[0008] A force feedback rehabilitation device that can be 
used in fMRI studies to alloW neurologists or other practitio 
ners to evaluate patients for changes in brain activity associ 
ated With motor retraining is desirable. Moreover, a compact, 
force feedback rehabilitation device that facilitates retraining 
of hand grasp/release motor skills in patients recovering from 
neurological ailments, e.g., stroke, is also desired. 

SUMMARY OF THE INVENTION 

[0009] A variable resistance hand rehabilitation device and 
corresponding system are disclosed. Improvements over the 
prior art include: a neW damping system or damper design, to 
reduce friction and increase maximum force output; a 
dynometer feature that enables converting the dynamic 
device to a static grip force measuring device; a closed-loop 
controller; and a neW graphic user interface for the medical 
practitioner and neW virtual reality game softWare that alloW 
accurate and smooth operation of the device and increased 
patient motivation. 
[0010] A controllable damper is the main component of the 
device. The controllable damper is an ERF-based, continu 
ously variable, computer-controlled damping system that 
provides smooth resistance throughout a grip/release stroke 
cycle. Closed-loop control enables operational resistance to 
be isotonic (constant force), isokinetic (constant velocity), or 
to folloW a prede?ned force pro?le. 
[0011] The damper employs plural coaxial, concentric, hol 
loW, cylindrical electrodes that are separated by gaps through 
Which the ERF can be forced. In the absence of an electric 
?eld, the damper provides virtually zero resistance. HoWever, 
When voltage is applied to at least one of the electrodes, an 
electric ?eld is generated through the ERF, Which results in a 
change in yield stress, producing a selectively tunable degree 
of resistivity. 
[0012] The pressure on the piston generated by the ERF 
valve as Well as the frictional force of a seal combine to form 
the baseline force that must be overcome in order for a patient/ 
user to move the damper’s output shaft. 
[0013] To accommodate changes in volume Within the 
damping chamber, a volume compensation chamber ?lled 
With closed-cell foam is provided. The volume compensation 
chamber (VCC) is ?lled With a closed-cell foam that com 
presses, e.g., elastically, as the output shaft connected to the 
damping piston translates back into the damping chamber 
during the return stroke. Use of closed-cell foam is advanta 
geous over traditional volume compensation methods due to 
its simplicity, loW cost, loW spring rate, and durability. The 
VCC is further structured and arranged to facilitate evacuat 
ing and eliminating gases from the damping system, to pre 
vent air bubbles and/or cavitation. A Buna-/Neoprene-based 
closed-cell foam is suitable for use due to its compatibility 
With oils, loW spring rate, and good compression recovery. 
[0014] To provide positional feedback to the softWare con 
troller, a linear potentiometer is mounted to the moving 
handle portion. The linear potentiometer measures displace 
ment of the moving handle portion. For force measurement, a 
load cell is mounted to the moving handle portion, to measure 
force as it is applied by the patient/user. 
[0015] The device includes a return force control sub 
system to control the level of return force once the patient/ 
user has completed a stroke cycle. Use of a standard setup 
protocol that normalizes the return force to a knoWn reference 
point, alloWs an adjustable, repeatable return force, Which 
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enables a practitioner to setup and repeat experiments/tests 
under the same or virtually the same conditions. 

[0016] Optionally, the device also may include a dynom 
eter-like locking mechanism. The locking mechanism is 
adapted to lock the output shaft in a desired position. Use of 
the dynometer changes the functionality of the device from a 
dynamic force- or velocity-controlled device to a static device 
that measures grip strength With the handles in any position. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] The invention is pointed out With particularity in the 
appended claims. HoWever, the advantages of the invention 
described above, together With further advantages, may be 
better understood by referring to the folloWing description 
taken in conjunction With the accompanying draWings. The 
draWings are not necessarily draWn to scale, and like refer 
ence numerals refer to the same parts throughout the different 
vieWs. 
[0018] FIG. 1 shoWs an illustration of a variable resistance 
hand rehabilitation device system in accordance With the 
present invention; 
[0019] FIG. 2 shoWs an elevation vieW of a patient-actuated 
variable resistance hand rehabilitation device (VRHD) in 
accordance With the present invention; 
[0020] FIG. 3 shoWs an isometric vieW ofa ?rst side of a 
patient-actuated variable resistance hand rehabilitation 
device (VRHD) in accordance With the present invention; 
[0021] FIG. 4 shoWs an isometric vieW ofa second side of 
a patient-actuated variable resistance hand rehabilitation 
device (VRHD) in accordance With the present invention; 
[0022] FIG. 5 shoWs an illustration of a ?rst joining means 
for a handle portion in accordance With the present invention; 
[0023] FIG. 6 shoWs an illustration of a spherical joint for a 
handle portion in accordance With the present invention; 
[0024] FIG. 7 shoWs an isometric vieW of a dynometer 
locking mechanism in accordance With the present invention; 
[0025] FIG. 8 shoWs an exploded vieW of the dynometer 
locking mechanism shoWn in FIG. 7; 
[0026] FIG. 9 shoWs a cross-section vieW of a damping 
system, volume compensation system, and return force con 
trol system in accordance With the present invention; 
[0027] FIG. 10 shoWs a cross-section vieW ofa damping 
system and volume compensation system in accordance With 
the present invention; 
[0028] FIG. 11 shoWs an isometric vieW of the plural elec 
trodes in accordance With the present invention; 
[0029] FIG. 12 shoWs a detail of the air trap and slide valve 
on the case end cap in accordance With the present invention; 
[0030] FIG. 13 shoWs the interior (A) and exterior (B) 
surfaces of the case end cap in accordance With the present 
invention; 
[0031] FIG. 14 shoWs the interior (A) and exterior (B) 
surfaces of the case manifold in accordance With the present 
invention; 
[0032] FIG. 15 shoWs a block diagram of an exemplary 
control algorithm for a PI controller; 
[0033] FIG. 16 shoWs a representative force versus time 
graph of a grip-and-release stroke cycle; 
[0034] FIG. 17 shoWs an embodiment of a miniature damp 
ing device using electro-rheological ?uid; 
[0035] FIG. 18 shoWs an illustrative embodiment of a dia 
phragm seal-based damping system in accordance With the 
present invention; 
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[0036] FIG. 19 shoWs a cut-aWay vieW of the diaphragm 
seal-based damping system of FIG. 18; 
[0037] FIG. 20 shoWs isometric (A) and front elevation 
vieWs (B) of an electro-rheological valve used in the damping 
system of FIG. 18; 
[0038] FIG. 21 shoWs a diagram of a diaphragm seal and 
piston for use With the damping system of FIG. 18; 
[0039] FIG. 22 shoWs a ?rst plurality of rotatable electrodes 
and a second plurality of stationary electrodes; and 
[0040] FIG. 23 shoWs cross-sectional vieWs of a portable, 
rotary-type electro-rheological ?uid-based brake that 
includes the electrodes of FIG. 22. 

DETAILED DESCRIPTION OF THE INVENTION 

[0041] A Variable Resistance Hand Rehabilitation Device 
(V RHD) and a system using the VRHD are disclosed. The 
VRHD is a patient-actuated device adapted for isotonic, iso 
kinetic, and/ or variable resistance grasp and release exercises 
for mammalian extremities, e. g., the human hand. Its princi 
pal functionality is derived from an electro-rheological ?uid 
based controllable damping system (or damper) that alloWs 
continuously variable modulation of dynamic resistance 
throughout its stroke. Indeed, a desirable feature of the device 
is the use of electro-rheological ?uids (ERF) to achieve tun 
able, computer controlled, resistive force generation. For this 
purpose, a change in yield stress observed in an ERP in 
response to an electric ?eld can be exploited to produce 
virtually Zero resistance When idle and selectively-tunable 
resistivity When an electric ?eld is applied to the ERF. 
[0042] The VRHD is an improvement of a controllable 
damper that is the subject of US. patent application Ser. No. 
l l/ 886,342 commonly oWned by Northeastern University of 
Boston, Mass. and included herein in its entirety by reference. 
The VRHD of the current invention, hoWever, provides a 
resistive force for grasp and release hand exercises that is 
controllable, repeatable, and quanti?able. 
[0043] Referring to FIG. 1, a hand rehabilitation system 10 
is shoWn. The system 10 includes a patient-actuated device, 
i.e., a VRHD 2; control electronics 4, e.g., control hardWare 
and corresponding control softWare, for controlling delivery 
of a desired force or velocity to the patient/user; a high 
voltage poWer supply 6; and a softWare interface 8, e.g., a 
graphical user interface (GUI) and virtual reality (V R) game 
softWare, for displaying acquired patient data during manipu 
lation or operation of the VRDH 2. 
[0044] The poWer supply 6 provides poWer to the patient 
actuated device 2 via a ?rst voltage bus 1 and to the loW-level 
control electronics 4 via a second voltage bus 9. 
[0045] The control electronics 4 are in electrical commu 
nication With the patient-actuated device 2, to receive mea 
surement data signals from at least one sensing device and to 
provide control signals thereto; as Well as With the softWare 
interface 8, Which can be disposed local to or remote from the 
patient-actuated device 2 and/ or the control electronics 4. 
[0046] The patient-actuated device 2 includes, inter alia, a 
sensing system and communication means 7 for transmitting 
measurement (data) signals to the control electronics 4, e.g., 
via radio frequency (RF) signals and/ or via hardWire commu 
nication. The control electronics 4 include means for refor 
matting, processing, and ?ltering the data signals and means 
for transmitting the processed data 7 to a local or remote 
processor 5, e. g., a personal computer or microprocessor, that 
is electrically connected through the softWare interface 8, 
e.g., via RF signals of via hardWire communication. 
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[0047] The hardware of and/ or software executable on the 
processor 5 is/are adapted to store in memory and/or to dis 
play the data from the control electronics 4 on a display 
device 3, e.g., a computer screen or monitor, that is electri 
cally coupled to the processor 5. The data display 3 can take 
any shape or form desired by the practitioner or the patient/ 
user. 

Patient-Actuated Device 

[0048] The patient-actuated, variable resistance hand reha 
bilitation device (V RHD) includes signi?cant improvements 
over a system described in Us. patent application Ser. No. 
11/886,342, chief of Which includes replacement of a rotary 
brake design details With a linear system. Linear handle 
motion, e.g., using a linear, electro-rheological ?uid-based 
(ERF-based) damper, provides signi?cant advantages to the 
rotary brake design. For example, a linear ERF-based damper 
is capable of generating larger resistive forces compared to a 
similarly siZed rotary ERF damper. Moreover, increased 
resistive force output eliminates the need for gears. Elimina 
tion of gears reduces mechanical friction associated With the 
device, Which translates into a much smaller Zero voltage 
resistance. Furthermore, design is simpler, stronger, and 
includes feWer parts. 
[0049] Linear translation of a moving handle portion (as 
opposed to rotary handle motion) greatly simpli?es direct 
force measurement using a linear force sensing device, e.g., a 
load cell, that is disposed proximate the moving handle por 
tion. In contrast, With a rotary brake, output rotary torque is 
extrapolated dimensionally using force measurements from 
tWo compression sensing devices and a knoWn moment arm. 
Direct force measurement reduces systematic errors, Which 
increases repeatability, simpli?es related softWare algo 
rithms, and reduces the quantity of sensors needed by one. 
[0050] Referring to FIGS. 2-4, an embodiment of a patient 
actuated VRHD 2 is shoWn. The VRHD 2 includes a support 
structure 16, a handle portion 20, a sensing system 50, a 
handle return force control system 17, a (dynometer) locking 
system 15, a controllable damping system 30, and a volume 
compensation system 40. The design of the present invention 
focuses on optimiZing the linear system described in Us. 
patent application Ser. No. 11/886,342. 
[0051] To use the device, a patient/user Would grasp the 
handle portion 20, Which is at an at-rest, open position, and 
squeeze, exerting a rearWard force or pressure on the moving 
handle portion 21. The damping system 30 modulates the 
resistance of the moving handle portion 21 to a preset level 
throughout the stroke cycle. After the stroke is complete, the 
damping system 30 deactivates and the handle return force 
control system 17 returns the handle back to the at-rest, open 
position. 
[0052] The support structure 16 is con?gured and arranged 
to provide integrity to and support each of the other portions 
or sub-systems that make up the VRHD 2 so as to enhance the 
proper functioning and operation of each of the other portions 
or sub-systems as described in greater detail beloW. Those of 
ordinary skill in the art can appreciate that there exists a 
myriad of different structural support schemes, hence, the 
precise form of the support structure 16 is less important than 
the function it performs. 
[0053] The support structure 16 for the embodied VRHD 2 
disclosed herein includes a pair of horiZontal support portions 
1611 that are rigidly connected by a pair of support brackets 
16b and 160. The pair of horiZontal support portions 1611 are 

Feb. 18, 2010 

elongate members such as rods and, more particularly, cylin 
drical rods. Each bracket of the pair of support brackets 16b 
and 160 is attached orthogonally or substantially orthogo 
nally to the horiZontal support portions 16a and are posi 
tioned and arranged to maintain each of the support portions 
16a parallel or substantially parallel to one another in a hori 
Zontal or substantially horiZontal plane. 
[0054] According to the illustrative embodiment described 
herein, a ?rst support bracket 16b is disposed proximate to the 
locking mechanism 15. A second support bracket 160 is dis 
posed so as to be releasably attached to the damping system 
30. More detailed description of the support structure 16 is 
provided beloW in the description of the operation of the 
VRHD 2. 
[0055] The handle portion 20 of the VRHD 2 includes a 
?rst, moving handle portion 21 and a second, stationary 
handle portion 22, Which, preferably, include ergonomic 
designs to conform to a human hand, to provide maximum 
user comfort. The moving handle portion 21 includes a ?rst 
opening 23 and a second opening 24 that are each siZed to 
accommodate loW-friction, linear, plain bushings 29 and the 
elongate portions 1611 the support structure. The bushings 29, 
e.g., a loW-friction, linear, plain bushing manufactured by 
Igus Limited of Northampton, England, enable the moving 
handle portion 21 to translate linearly With respect to and 
along the corresponding elongate portions 1611 With minimal 
frictional resistance betWeen the bushings 29 and the periph 
eral surfaces of the openings 23 and 24 and/or With the cor 
responding elongate portions 16a of the support structure. 
[0056] As shoWn in FIG. 5, optionally, a handle position 
adjusting device 26, e. g., a nut/bolt combination, can be pro 
vided in the handle portion 20 for adjusting the relative posi 
tions of the handle portion 21 and the stationary handle por 
tion 22. 
[0057] The moving handle portion 21 is mechanically 
coupled to a sensing system 50, Which can include, for 
example, a strain gauge-based load cell 12 and a linear poten 
tiometer 11. The stain gauge-based load cell 12, e.g., a 150-lb. 
load cell manufactured by Interface Force Measurements 
Limited of Berkshire, England, is adapted to measure force 
applied to the moving handle portion 21 by the patient/user 
directly. The linear potentiometer 11, e.g., a custom linear 
potentiometer manufactured by Active Sensors, Inc. of India 
napolis, Ind., is structured and arranged to measure the abso 
lute position of the moving handle portion 21. 
[0058] Data from the sensing system 50 are transmitted to 
the controller 4 in real-time. The controller 4 uses the data for 
closed-loop control of the VRHD 2 and, furthermore, pro 
cesses these data and transmits the processed data in a suitable 
format for displaying real-time performance information at 
the softWare interface 8 and/or for storing the data, so that said 
data can be vieWed and analyZed at a later time by a 
researcher. 
[0059] The strain gauge-based load cell 12 is attached to or 
mechanically mounted on the moving handle portion 21 and 
is releasably attached to an output shaft 39 of a piston (not 
shoWn) associated With the damping system 30 or an exten 
sion thereto and/or to a handle adjusting device 26. Wires (not 
shoWn) and/or a radio frequency (RF) device (not shoWn) are 
provided to electrically couple the strain gauge-based load 
cell 12 to the controller 4 so that measurement data from the 
load cell 12 can be transmitted to the controller 4 in real-time. 

[0060] The linear potentiometer 11 can also be mechani 
cally attached to the moving handle portion 21 and to one of 




















