








circuits as seen in (Fig 8). The results were plotted to visually demonstrate the voltages recorded
against time, once each exercise was initiated and repeated 10 times. From the results we observe
for circuit 1 wrist flexion an output 'ON’ state has a voltage fluctuation between 2.8 Volts and 2.91
Volts. For circuit 1 elbow flexion input we observed a voltage fluctuation of between 2.85 Volts and
3.03 Volts for an output 'ON’ state from the dynamic FP logic- driven exosuit. In comparison for
circuit 2 when active the finger flexion demonstrated a voltage output range of between 1.97 Volts
to 2.54 Volts while the thumb flexion output voltage ranged from 2.61 Volts to 2.67 Volts. as seen in

(Fig 8).

Due to our set threshold of above 2 Volts determining an ON and exercise complete state, we
observed in the Finger flexion exercise group, an output dipping to 1.97 Volts as seen in (Fig 8),
which was slightly below the defined set threshold, hence due to the LED being in state 'OFF a
partial movement FM assessment was mapped to this output result. Upon inspection of the
momentary sensor embedded in the soft exosuit, it was noted that the output connection from
the sensor that acted as an input trigger to the FP circuit in the soft exosuit, had become frayed
and this was causing an inconsistency and fluctuation in its operations state. This conductive
thread connection was replaced and its continuity crosschecked using a digital multi-meter to
ensure no shorts remained. From the results obtained in (Fig 8) through the observational LED alerts
during the exercises along with the tridimensional 3D scatter plot patterns demonstrating the
movement of the exer- cises and the Voltage output results showcasing the triggered circuitry
operating demonstrating the dynamic FP. Such 3D scatter plots convey a spatial representation of
the acceleration movement initiated and recorded when the exercises were completed. Data
obtained with positive values demonstrate an increase in velocity, nagative values demonstrate a
decrease in velocity. Based on analysis of the x,y,z datasets (negative and positive values), we can
identify the clustering of dataset values that shows the flexion and extension movement of the
exosuit when completing its exercises as highlighted in (Fig 8).



Fig. 8. a (i-iii))Wrist Flexion movements completed 10 times, graphs demonstrating accelerometer 3D scatter patterns
per each exercise, voltage output levels from the dynamic FP circuit and fugl meyer mapped assessment scores (motion
and pain) based on the soft exosuit movements for each exercise.

A mapping of the results obtained in could be aligned to the FM assessment scale and a scoring
recorded (Fig 8). Further future assessment of this mapping is required in a follow on future human
trials where a larger group of participants and the results recorded can provide further and more
in-depth results showcase the alighment of the dynamic soft exosuit to the FM assessment scoring
method.

SOFT EXOSUIT TASK DRIVEN APPLICATION SCENARIOS

For stroke rehabilitation patients it is vital to understand the principle of neuroplasticity and the
brains capability to regain lost function [35]. Research has demonstrated that regular rehabilitation
upper limb exercises linked to daily activities and tasks can be more impactful and effective than
none task related upper limb and hand exercises [36]—[38]. Retraining the brain and learning a new
skill requires hours of repetitive exercise. Post stroke remote exercise programs need to incorporate
task-driven rehabilitation training. The Dynamic FP soft exosuit provides the option to incorporate
such daily task-driven exercises into the wearers scheduled home training program.

The following provides an insight into an example of such activities.

1) Task: Lift Bag as seen in (Fig 9(a)), this task driven exercise involved placement of the control
arm be- tween on average 78 to 98 degrees to enable circuit 2 dynamically. This in turn
enables the operation of the 'Thumb’ and’Finger’ flexion momentary sensors in the exercise
arm of the soft exosuit. Once the bag was lifted this the Finger flexion sensor triggered
an input of (0,1) and an output of ‘1’ activating the LED to demonstrate successful
completion of the exercise. Depending on the method of lifting the bag, a wrist extension
of an angle averaging 24 degrees, while also bending the fingers could also be obtained,
providing additional mobility practice beyond the set finger flexion exercise.

2) Task: Lift Bottle as seen in (Fig 9(b)) With the control arm elbow momentary sensor activated
by placing the control arm elbow of the soft exosuit in approximately 78 to 98 degree angle,
this in turn activates the task specific exercise involving lifting a green bottle up from a table
and placing it back down onto the table was completed. Through enabling the elbow sensor
of the control arm this in turn triggers the use of the thumb momentary sensor on the palm
of the garment of the exercise hand (left arm of the garment). When lifting the bottle up
and down from the table in an repetitive execise, the bottle directly comes in contact with
the thumb palm momentary sensor to validate the exercise (LED in 'ON’ state).

3) Task: Hold Rolled towel as seen in (Fig 9(c)) Using a small rolled towel, this is the perfect
object to help practice and repeat wrist flexion exercises. This specific task aligns to using
the wrist momentary sensors embedded at the wrist placement point on the exercise arm
of the soft exosuit. A flexion angle of ranging between 49 to 58 degrees was measured
demonstrating the flexion angle that can be achieved through this task driven exercise. For
the control arm an average angle of 55 degrees triggered the dynamic FP change of the
embedded intelligence to operate at circuit 1 level in the garment.

4) Task: Elbow flexion while holding can of food. To utilize the embedded momentary sensor in
the elbow of the exercise arm, a task driven exercise involving bending the elbow while
holding a can of food in the exercise arm as illustrated in (Fig 9(d)). On av- erage an angle
of 88 degrees triggered the successful completion of the elbow task based exercise. Such
an exercise using elbow based motion can be applied across many task driven scenarios.



Fingers Flexion Exercises/Lift bag (b) Thumb Flexion/Lift Bottle up from table and replace

(a)

Fig. 9. a) Finger flexion motion exercises for everyday task of lifting a bag b) Thumb flexion motion exercises to lift a
bottle up from the table and replace it back on the table c) Wrist Flexion movement angles utilising a small towel to
support the activity and link to a daily task d) Flexion of the elbow daily task using a can of food

CONCLUSION

Fabric computing, intelligent fabric, advanced functional fibres are terms in the etextiles and smart
material domain that are starting to gain traction and new innovative etextiles ideas are emerging
around what an intelligent fabric space and fabric computing wearable of the future might look
like [39] [40] [1]. Contributing towards this overarching and forward-looking vision, this paper
focuses on the design and implementation of a dynamic FP logic-driven soft exosuit prototype
capable of embedded circuit reconfiguration functionality.

To achieve this we successfully designed and implemented an initial working prototype taking
inspiration from field programmability where the internal hardware can be modified without dis-
assembling the device and combinational logic circuitry where input signals applied have an
immediate effect on the circuits output providing real-time resultant outputs for suitable
applications. We implemented an innovative soft exosuit prototype that had the capability to
dynamically alter its embedded circuitry configuration and operational state triggered through
motion based movements of the wearers wrist and arm (control arm, right arm of the soft exosuit).

To support the validation of the soft exosuit we focused on a healthcare rehabilitation use case
linked to post-stroke rehabilitation upper limb exercise needs to demonstrate the soft exosuits
potential. Due to the layered, modular and interchangeable logic gate patch and interconnection
patch approach, this further extends the usability, adaptability and flexibility of the Dynamic FP soft
exosuit to be adaptable and usable across multiple applications and scenarios. Key findings of the
study include

- Creation of a dynamic field programmable logic-driven soft exosuit enabling embedded
reconfiguration and operational functionality of the soft exosuit, triggered and controlled via the
wearers right arm elbow and wrist movements.



- Design and development of a modular and layered embedded and interchangeable FP
combinational circuit based approach in a soft exosuit fabric environment.

- Design and implementation of logic gate patches utilising surface mount devices (SMD),
conductive thread and conductive fabric.

- Demonstration and validation of a healthcare focused post stroke rehabilitation use case linked
to upper limb rehabilitation exercises

This initial experimental prototype demonstrated in this paper drives innovation around the
application of dynamic field programmability in a textile environment. Such an innovation also seeks
to enhance etextile sustainability through the adopting of modular interchangeable functionality
hence increasing the potential application and reuse of such an application which in turn contributes
towards prolonging the life-cycle of the soft exosuit and reducing textile waste. Future research areas
of focus include

- Scalability of the dynamic field programmable embedded logic circuit to support a larger number
of inputs and outputs.

- Furtherinvestigation around the progression towards a more complete textile embedded circuit
solution, replacing SMD hard devices with textile equivalents where possible (eg textile resistors).

- Creation of dedicated modular embroidery patterns, that will include set machine embroidery
stitching and guidelines for the creation of specific modular combi- national logic circuitry
enabling field programmability and that can be embedded easily through the embroi- dery and
conductive thread into a textile environment adopting the patch based approach that is
interchange- able and replaceable.

- Further investigation around the generation of a next iteration of the prototype that will
incorporate varying other textile sensor types (eg pressure sensors, tem- perature sensors,
electrode sensors) to support other biometric readings.

- Further development of the prototype design and struc- ture to incorporate the possibility to
alternate the exercise and control functionalities of the soft exosuit between its two arms hence
extending the capability of the soft exosuit and enhancing its flexibility from a rehabilitation
application point of view.

- Future research planning to validate the soft exo- suit prototype from an end user perspective,
through planned human trials to further investigate future itera- tions of the prototype to assess
usability, performance and durability.
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