A Related Works

This research proposes a tendon-driven hybrid rigid-soft wearable robot that assists with thumb opposition with an under-
actuated tendon-driven system. More information will be provided on our website: https://sites.google.com/
view/exo-gloveshell. Since the proposed robot focuses on thumb assistance due to the importance of the thumb [1],
our review of previous works primarily centers on wearable robots that assist the thumb. [2]

In the pursuit of accurately assisting hand motions, Yun et al. introduced Maestro, a tendon-driven wearable robot that
focuses on thumb movements [3]. Maestro assists four degrees of freedom (DOFs) of thumb motions including abduc-
tion/adduction of CMC (carpometacarpal) joint and flexion/extension of CMC, MCP (metacarpophalangeal), and IP (inter-
phalangeal) joints, achieved through linkage structures. By employing series elastic components for independent joint torque
control, Maestro offers versatility for applying various rehabilitation methods [4]. Another robot, called HX, was specifically
developed to concentrate on thumb opposition while utilizing a reduced number of actuators [5]. HX uses a pulley transmission
and assists the opposition through the use of two actuators. These robots, characterized by rigid structures for force/torque trans-
mission, are commonly referred to as rigid wearable robots. Rigid wearable robots have shown state-of-the-art performance
with precise control; however, these robots are quite large due to their joint alignment mechanism. Consequently, alternative
approaches aiming to develop simplified robots have been proposed.

Alternatively, some studies have explored the use of a soft robotic design approach (that composes the robot with soft
materials such as a garment or silicone) in wearable robots, because the soft materials allow for a more compact and simplified
design of the wearable part due to its advantages in being adapted to the external environment; they are often referred to as
“Soft wearable robots.” When actuating the soft wearable robots, researchers have used different transmissions (e.g., pneumatic
actuation [6, 7], SMA-based actuation [8], twisted tendons[9], and tendon transmission [10, 11]) to fully leverage the benefits
provided by soft body. Among these transmissions with their great features [12], we have developed an Exo-Glove shell with
tendon transmission capitalizing on its ability to make a safe and compact wearing part.

Soft tendon-driven wearable robots usually focus on assisting finger motions, rather than assisting each joint inside the
finger. For instance, most soft tendon-driven wearable robots assist the flexion motion of the index finger with a single actuator,
instead of assisting the MCP, PIP, and DIP joints of the index finger independently [13]. Similarly, soft wearable robots,
developed to assist the thumb motion, were designed to assist one or two primitive thumb motions. In this paper, we would
use the terminology primitive instead of degree of freedom to express one directional motion of the finger - i.e., we would
refer to the flexion of a finger as one primitive motion instead of ambiguous two or three DOF motions. In et al. proposed a
robot that made one primitive motion, aimed to assist the thumb flexion/extension [14], while other researchers have developed
robots that make two primitive motions consisting of the thumb flexion/extension and thumb abduction/adduction [10, 15-17];
we only count the thumb assistance here to focus on the thumb instead of considering the assistance of other fingers. Since
thumb opposition, which is a crucial motion in daily activities, requires both thumb flexion/extension and abduction/adduction,
a recent trend has been to assist with two primitive motions.

Although tendon-driven soft wearable robots have received lots of attention due to their simplicity and compactness, these
robots have some issues that remain to be solved to enable their widespread use, as explained in the main text. These robots
generally require an excessive number of actuators because their tendons can only transmit tensile force. Further, the accuracy
of force transmission is often compromised due to deformations of the robot body (details are shown in the Supplementary
Video).

In an effort to use fewer actuators, researchers have explored various approaches, including antagonistic actuation [11, 18—
20]. These robots actuate one DOF motion with one motor by connecting two wires to a single motor. In these robots, for
instance, as the motor rotates in one direction, it winds the flexion wire and unwinds the extension wire, and vice versa for
the opposite direction of rotation. It is true that this antagonistic actuation method effectively reduces the number of actuators
required in pulley-routed robots [21], however, this approach requires careful consideration of human properties when it is
used in a robot that uses suspended tendon routing. This is because the kinematic relationship between the joint angle and the
tendon excursion length is not constant in suspended tendon routing - i.e., the tendon Jacobian is a function of the joint angle
[22]. Therefore, determining an appropriate radius of the spool at the actuator becomes challenging because the ratio between
the excursion length required to flex the joint by a certain angle and the excursion length required to extend the joint by the
same amount is not constant; it varies as a function of the joint angle [23]. Moreover, this ratio differs for each individual,
necessitating customization.

Another approach to reducing the required number of actuators is to use passive components [10, 15,24]. Here, the robots
assist the flexion through the use of tendons pulled by the actuator and assist extension motions through the use of elastic
tendons; these robots store elastic energy for extension motions when assisting flexion motion. Since flexion is more important
for most hand motions (flexion requires a higher force to grasp the objects firmly while extension only requires enough force
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to make the initial posture), these robots actively assist the flexion motion and passively assist the extension motions. It is true
that the use of passive tendons reduces a robot’s complexity by using fewer actuators, however, a robot with passive tendons
also requires customization, similar to the previous case. This is because the extension torque generated by elastic tendons is
determined by the stiffness and elongation of the tendon. When a user has stiff joints, the robot should have a high-stiffness
tendon with pretension; however, when a user has joints with low stiffness the robot will make a hyper-extension posture, which
is not preferred.

Researchers also have developed the wearable robots using concepts called postural synergy [2,25, 26] or under-actuation
mechanism [11,19] to use less actuators. These two approaches enable researchers to use fewer actuators using similar principles
of constraining multiple joints. The difference comes from what they constrain: the postural synergy constrains the position of
several tendons by pulling them with a spool (that has several grooves to wind tendons with different radii) while the under-
actuation mechanism (i.e., adaptive synergy in [27]) constrains the force applied to the joints. For more information about the
actuation characteristics of robots that use postural synergy or under-actuation mechanisms, please read the following paper
[27].

Recently, researchers also have developed wearable robots that fall into a gray area, rather than strictly into the category of
soft wearable robots or the category of rigid wearable robots. For instance, the SPAR Glove was proposed with the concept of
a hybrid wearable robot that has the advantages of both soft and rigid material [28,29]. Here, a soft glove allows a good fit
without any joint alignment mechanism (taking advantage of the benefits of a soft wearable robot) and rigid vertebrae prevent
unwanted motion (hyper-extension of joints) to increase safety (to take advantage of the benefits of a rigid wearable robot).
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Figure S1: Fabrication of the wearing part of the proposed and previous robot

(a) shows the fabrication method used for the wearing part of the previous robot while (b) shows the fabrication method used
in the proposed robot; white dotted lines in the figure show the seam; (¢) shows a photo of the inside of the robot’s finger part
turned inside out.

B Robot Design and Fabrication
B.1 Three-step Fabrication of the Exo-Glove Shell Wearing Part

In the development of the Exo-Glove Shell, the fabrication process of the wearing part was divided into three steps. In this
process, we first fabricated the glove part (step 1) and the tendon routers (step 2), respectively. Then, we made the robot by
attaching the tendon routers to the glove (step 3). In comparison, previously, the tendon routers were attached to the glove when
making the glove itself. Developing the wearing part of the Exo-Glove Shell by dividing it into two parts enabled the robot to
be easy to wear (as explained in subsection 2.1 of the main text) and improved the reliability of the actuation (as explained in
subsection 2.2 of the main text). This approach also alleviated difficulties in robot fabrication.

Previously, the wearing part of the robot was fabricated as shown in Fig. Sl(a). In this fabrication method, we had to
sew six layers of fabric (two fabric tendon routers that are made of two layers of fabric and two layers of glove fabric); since
the fabric tendon router was made by sewing two herringbone tapes, the tendon router consists of two layers of fabric. The
fabrication of the previous robot’s wearing part was difficult because it is difficult to sew six layers of fabric that have only
25mm width at one time. Moreover, it was difficult to align the center of the tendon router with the center line of the glove
fabric. This is because — since the tendon routers are located between two pieces of the glove garment— we could not see if the
tendon router was properly positioned. Note that, for a clean seam, the tendon routers are sewn between the glove garment, as
shown in Fig. S1(c) because the glove will be turned inside out after the sewing is finished. The fact that sewing is an almost
irreversible fabrication method also caused difficulties in the fabrication of the previous robot; for example, if one fabric router
was misplaced, we had to rebuild the whole robot body, even if the other fabric routers were sewn properly.

In Exo-Glove Shell fabrication, however, the metal routers were attached to the glove after finishing the glove fabrication.
Therefore, we sew a single layer of router hanger (design component that enables us to attach routers to the glove in a compact
size) between two glove fabric layers, as shown in Fig. S1(b). It was easier to sew the router hanger because, in this approach,
we sew only a single layer of fabric. Also, this method was easier since we do not need to consider whether or not the center of
the router hanger is well aligned with the center line of the finger. Further, since we attached the tendon router after fabricating
the robot, it was possible to replace the tendon router without harming other parts of the robot’s wearing part.

This three-step fabrication enabled us to modularize the tendon router design based on where the routers are used. Therefore,
we have designed three different types of tendon routers that can be used for the index/middle finger (Appendix B.4), thumb
metacarpal joint (Appendix B.5), and thumb carpometacarpal joint (Appendix B.6), with each designed for its specific purpose.

This fabrication method also has an advantage in terms of customization because the routers are installed after manufactur-
ing the glove. Therefore, we can easily fit the router to the user after fabricating the glove. This three-step fabrication method
(i.e., installation of the router after making the glove) also provides useful maintenance advantages because the modification
and replacement of the router are easier. Lastly, the conjunction method of using rivets makes the overall size of the router
compact; the overall height of the router is only 3mm, which is sufficient to be used in hand-wearable robots.



B.2 Importance of the router fixation

In tendon-driven SWRs, we usually design the tendon routings of the flexor and extensor to be symmetrical to the center
plane—having a normal vector parallel to the target joint axis and passing the center of the joint; see Fig. S2(a) to find a
symmetric and asymmetric position of the router. This is because an asymmetric tendon routing applies unwanted directional
force to the robot’s body possibly causing tendon bias; the tendon bias is a phenomenon (see Supplementary B.3 for detailed
analysis) where a tendon and its router slip far from their desired positions as the tendon tension increases. One note here is
that, if the tendon bias becomes severe, it reduces the height or changes the sign of the moment arm of the tendon dramatically,
which makes it difficult for the robot to assist a user properly. However, even if tendons are routed symmetrically at the
fabrication step, the routing can be asymmetric to the center plane due to several unwanted errors such as robot deformation,
slippage between the user and the robot, and inaccurate wear. Therefore, for the tendon-driven SWR to be operated properly, it
is important to prevent tendon bias, despite initial disturbances or errors.

In soft wearable robots, however, since it is difficult for the soft components (e.g., garment, silicone) to restrain the torsional
tilt (due to the robot’s softness), it is difficult to prevent tendon bias. Tightly fastening the router to the user could be one option,
but this method would increase the pressure applied to the skin, harming the usability. Nevertheless, it is hard to just use rigid
structures to prevent tendon bias due to the numerous advantages of the softness of the robot in terms of usability. Therefore,
researchers have tried to find suitable compliance of the robot components, according to the location where they are attached
[10]. Inspired by this previous research, we developed metal router that prevents the torsional shift of the tendon routing without
fastening them to the user. The detailed router design is explained in Appendix B.4 - B.6, and in the next section, we analyze
more deeply the reasons for the tendon bias.

B.3 Analysis of the tendon bias phenomena

The tendon bias phenomenon occurs differently in a flexor than in an extensor. For the flexor, the tendon maintains its position
or even returns to the desired location (symmetric to the center plane) as the tension of the tendon increases. However, if the
extensor tendon is slightly asymmetric to the center plane, the tendon, and its routers often slide further and diverge from the
initial location as the tension increases. Sliding occurs more frequently when the moment arm of the extensor is low and the
stiffness of the joint is high—where the energy required to extend the finger is larger than the energy required to rotate the
router. The tendon bias phenomenon can be explained using slip torque (7, in Fig S2) applied to each router. Slip torque is
the torque generated from the tendon and applied to the router along the tangential direction of the phalange. The magnitude
and direction of the slip torque are the important parameters that determine the occurrence of tendon bias. The direction of
the slip torque determines whether tendon bias could occur: In this analysis, if the direction of the slip torque is the same as
the direction where the router needs to slide to return to the desired position (7; < 0 in this section), this tendon path would
recover—or at least maintain—its router position when the tension increases. However, if the direction of the slip torque is
opposite to the desired router position’s direction (7, > O in this section), this tendon path could diverge unless some additional
torque resists the slip torque. The magnitude of the slip torque determines the vulnerability of the tendon bias: for two router
designs with a negative slip torque, the one with the larger slip torque magnitude is prone to diverge from its desired tendon
router location.

To calculate the slip torque in the flexor and extensor, we conducted simulations at various joint angles and slip angles in
the MuJoCo environment [30]. The slip angle is the discrepancy angle of the router from the center (Fig S2(a)). The phalanges
are assumed as capsules with a circular cross-section and the joint is assumed as a sphere. The geometric parameters of each
phalange and joint are derived from the anthropometric data near the proximal interphalangeal joints of the index finger in
subject 1 (D1 = Dy = 2r; = 17mm). The router attaches to the center plane of the phalange and the location of the router is
derived from the Exo-Glove Shell (b = b1 = 9mm, b,y = by = 12mm, hoy = hey = Smm, hyy = hyp = —5mm) as shown in Fig
S2(b). Here, r; represents the radius of the joint; D and D, represent the diameter of the distal and proximal phalange. b.; and
b, represent the axial distance from the joint center to the extensor router located on the distal and proximal phalange, while
he1 and h., represent the height from the phalange surface to the extension tendon router located on the distal and proximal
router. byy,byy, hyr1, and hyp are similar to by1,b s, hy1 and hgp, but the tendon that they indicate is the flexion tendon. For the
whole simulation, the tension of the tendon is maintained as 1N, and the direction of the slip torque axis is preserved, where
the positive slip torque means the divergence of the router.

Fig. S2(c) and (d) show the slip torque of the flexor and extensor. As can be seen from the graph, the flexor tendon routing
is stable and returns to the center plane, but the extensor generates a torque that makes the router go far away from the desired
position.
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Figure S2: Analysis of the tendon bias phenomena

(a) represents a schematic to show the definition of slip torque and slip angle; (b) shows geometric parameters used in the
MuJoCo simulation; (¢) and (d) show slip torque at the flexor and slip torque at the extensor, respectively.
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Figure S3: Overview schematic showing the fabrication and design of the tendon routers for the index and middle finger
(a) shows three components (from the left, it shows the router base, router cover, and soft router) that comprise the tendon
router for the index and middle finger and (b) shows the fabrication method used to make the soft router. The overall schematic
that shows the structure of the index/middle router is described in (c); the green line at the soft router in (¢) describes the slide
sheet similar to (b). (d) shows the overall process used to attach the index/middle routers to the glove; two horns at the base fix
both soft router and router cover through riveting. The slide sheet used in the soft router is orange in (a) for visualization, but
a black slide sheet was used in the actual robot for aesthetic reasons.

B.4 Router design for the index and middle finger

The Exo-Glove Shell was developed to have four routers at the proximal and middle phalanges of the index/middle fingers.
These routers were designed to route two tendons (flexor and extensor) to assist flexion/extension of the index and middle
fingers.

When designing the tendon router for the index and middle finger, we first aimed to make it not interfere with other routers
on the next finger because the space between the two fingers is narrow. Further, the router was designed to prevent the tendon
tilts (which are explained in B.2), for reliable actuation.

To deal with these issues, we designed the index/middle routers with a combination of rigid metal and soft garments. In this
design, the rigid metal enables firm fixation, while the soft garment makes the routers not interfere with each other. In more
detail, the index/middle router was designed using three parts, as shown in Fig. S3(a): From the left, the router base, router
cover, and soft router are shown. Note that the router cover and the base were fabricated by casting. The soft router, on the
other hand, was fabricated by sewing the slide sheet to the herringbone tape, as shown in Fig. S3(b); the flexion tendon passes
a space inside the overlapped slide sheet. The slide sheet used for the soft router was chosen to reduce the friction applied to
the tendon, while the herringbone tape was used to route the tendons — since the herringbone tape is not extensible — without
deformation. These three components were attached to the Exo-Glove Shell under the following process; the overall schematic
of the index/middle router after installation is shown in Fig. S3(c).

First, the base is inserted below the hanger (Fig. S3(d-1)). Then the soft router (Fig. S3(d-2)) is pierced into the two
cylindrical structures of the base. Finally, by piercing the router cover at the two cylinders (Fig. S3(d-3)) and riveting the two
cylinders (Fig. S3(d-4)), the installation of router ends. The router cover not only serves to fix the overall router structure, but
it also plays a role as a route extensor by including a hole in the top side, as shown in Fig. S3(a) and (c). After installation, the
extension tendon was routed to the hole of the router cover, while the flexion tendon was routed to the space between the slide
sheet of the soft router, as shown in Fig. S4(c).



Figure S4: Tendon routings for the thumb, index, and middle finger

(a) and (b) provide a magnified picture that shows the tendon routing of the thumb routers, while (¢) shows the routing of the
index/middle router. Note that this figure is the same as Fig.2 (f)-(h) of the main text; it is included in the Appendix for the

reader’s convenience.
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Figure S5: Overview schematic showing the fabrication and design of the tendon routers for the thumb

(a) shows the schematic and picture of the thumb CMC router; TE, TB, TD, and TF are the names of the tendons that are
expressed in Fig. 1(g) of the main text, while the RH means the rivet hole. (b) shows the overall schematic of the thumb MCP
router, while (c) is a picture of the thumb MCP router. TB/D-A and TB/D-B in (b) were used to identify the routing points for

the thumb abduction/adduction tendons



B.5 Router design for the thumb metacarpal (MCP) joint

The thumb MCP router, a router that fits on the proximal phalange of the thumb, was designed in a ring shape, as shown in
Fig. S5(b). Since the thumb is located alone, unlike other fingers, for a firmer fixation, we designed the router with a metal
ring (shown in Fig. S5(c)) instead of the combination of a metal shell (shown in the middle of the Fig. S3(a)) and a soft router
(shown in the right side of the Fig. S3(a)).

The thumb MCP router routes four tendons (i.e., flexor (TF), extensor (TE), abductor (TB), and adductor (TD)) to make
2 DOF motions, including the thumb opposition. One interesting point about the thumb opposition is that it is a 2.5 DOF
motion that consists of flexion/extension, abduction/adduction, and passive internal/external rotation; ‘passive’ means that
internal/external rotation is coupled with other motions [31]. Accordingly, we aimed the abductor/adductor to make the internal
rotation for a more natural posture - i.e., the abductor/adductor was routed to assist the coupled motion of internal/external
rotation and abduction/adduction. The results of experiment 3 (Fig. 7(a) and (b) in the main text) show that the Exo-Glove
Shell successfully assists the coupled motion. In this experiment, the reduction of the thumb orientation means internal rotation.

When pulling the abductor/adductor, since the routings are designed to make internal/external rotation, the router should
be fixed more firmly to the user’s body; in this case, the router can rotate along with the finger (when the fixation is too weak)
because these tendons apply torsion to the router - i.e., the router can rotate in the direction of the blue arrow, which is shown
in Fig. 1(c) of the main text. Therefore, it is important to determine the size of the router: if the ring size is too big, the router
will not be fixed well to the user, which will induce inaccurate force transmission; alternatively, when the ring size is too small,
only some of the users can wear the glove. However, since people have different hand sizes, we cannot decide the ring size
before meeting the user. Therefore, we designed the thumb router to have a small slit for easy size adjustment, as shown in
Fig. S5(b) and (c); the slit means the space between the routing point (TB/D-A) and the routing point (TB/D-B) in the figure.
Interestingly, since the ring was fabricated from brass, the ductility of the metal enabled the router to be fitted well to the user.

Although the slit makes for easy size adjustment, it is important to also think about user comfort. For instance, tight size
adjustment can cause discomfort to the user; however, if the router size is set loosely, the router performance will be degraded.
For this reason, the abductor and adductor were routed not only to make the motions but also to fasten the router, as shown in
Fig. S4(a) and S5(b) - e.g., TB is fixed at the bottom side of the routing point (TB/D-B represented in Fig. S5(b)) and passes
through the upper side of the routing point (TB/D-A represented in Fig. S5(b)), as shown in Fig. S4(a). The TD also passes
two routing points (TB/D-A and TB/D-B) of the router for the fastening function. With this routing method, it was possible to
acquire sufficient fixation force without causing discomfort to the user.

For the flexor and extensor, the tendon routing was designed more simply. In this case, these two tendons were routed
through the two holes at the top and bottom of the router, respectively, as shown in Fig. S4(b) and Fig. S5(b). The routing
that can not only make motions but also fasten the router (e.g., the routing used in the abductor/adductor) was not used in the
flexor/extensor case because these tendons worked well without the fixation function.

B.6 Router design for the thumb carpometacarpal (CMC) joint

The CMC router was designed quite differently, as compared to the other routers. A different approach was chosen because the
ring-type structure is difficult to wear on the metacarpal phalange due to the first dorsal interosseous. For this reason, the CMC
router was designed in a ‘C’ shape, as shown in Fig. S5(a); the CMC router has a similar structure to the CMC sleeve used in
FLEXotendon [15]. This router was also installed on the glove by the riveting method, through the use of two rivet holes (RH
in Fig. S5(a)), similar to the other routers.

The main role of this CMC router is to stabilize the tendon path. When the CMC router does not exist, the tendons tend to
make the shortest path between the wrist and the MCP router, causing the Bowstring phenomenon. Therefore the CMC router
was designed to prevent the above-mentioned phenomenon by routing the TF, TB, and TE tendons as shown in Fig. S4.

One concern about the CMC router is that the fixation of the router could be weak compared to other routers due to its
geometrical limitations (i.e., C shape due to the first dorsal interosseous). Also, since the shape of the area near the thumb
metacarpal phalanges of the thumb varies from person to person, it is difficult to determine a single appropriate shape for all
users. However, similar to the case of the MCP router, the metal ductility enabled the router to be fixed well to the user - i.e.,
after applying the glove, the users can fasten the router to their body by deforming it.

B.7 Actuator design for the under-actuated tendon routing

One of the main contributions of the Exo-Glove Shell is its under-actuated tendon routing that uses fewer actuators. Here,
one possible problem is that the overall tendon routing can become complicated when using an under-actuation mechanism.



This is because the tendon should pass through multiple fingers. For this reason, we used a Slider-Tendon linear actuator,
developed in previous research [32]. Although the actuator is not different from the Slider-Tendon linear actuator presented in
the previous research, it is notable to mention the actuator in this paper because the use of the Slider-Tendon linear actuator
alleviates the difficulties in designing the under-actuated tendon routings. Therefore, it was possible to use fewer actuators
without complicating the end-effector.

B.8 Robot Fabrication

One of our robot’s contributions is its easy fabrication method. When fabricating the glove part, we used a conventional glove
pattern which can be easily found on the online website. The only thing we added to the pattern is the lines that can be used
to place the herringbone tape (it roles as a router hanger as shown in Fig. S3(b) and (c)). Therefore, anyone who wants to start
fabricating the hand-wearable robot can just try fabrication without any experience. In the fabrication, as shown in Table S1,
we have made the glove using garments for nylon leggings because it made a good fit and nice wearing feeling to the user. For
the low-friction garment, we have used Slide sheet, a garment that has been used to transfer the patient, with a thickness of
0.05mm. Herringbone tapes, the ones with a 10mm width, were used.

Table S1: Material list for the robot fabrication

Robot part Material Specification
Glove Garment for nylon leggings -
Low-friction garment Slide sheet Thickness (0.05 mm)
for the soft router
Inextensible garment . .
for the soft router and hanger Herringbone tape Width (10mm)
Metal router Brass Made by metal casting

It is also notable that we have fabricated the tendon router using metal casting, which is one of the well-used methods
to fabricate metal crafts, with brass as a material. We chose brass because it showed the attractive characteristics over other
metals. For example, tin and aluminum were ruled out due to their propensity to easily deform in a thin structure; the thickness
of the router is only 0.5mm. Titanium, despite its strength, was dismissed due to its high casting cost and lack of ductility.
Stainless steel was not used because it was hard to do riveting at room temperature. Pure metals like gold, silver, and copper
were avoided due to their poor castability. Also, other plastic materials that could be used to make the structure with 3D printers
were not strong enough to prevent the unwanted deformation (which is important as explained in B.2). One drawback of brass,
that it is heavier than other metals, was not critical in our case because the router is small enough. The index/middle router
weighs only 1.2g, while the heaviest router, the CMC router, weighs 4.51g. Since metal casting allows for scalable production,
it was possible to make dozens of basic metal routers (the routers shown in Fig. S3(a)) in the first production stage. Therefore,
although the metal casting also requires fabrication time, we could keep developing the robot without a large effort even though
we want to try other approaches.

Although the proposed robot does not contain Teflon tubes, components used to reduce the friction between the tendon and
the routing points, at the metal routers, the metal router has the advantage of containing Teflon tubes to reduce the friction as
shown in Fig. S6. In the previous soft wearable robot fabrication, it was difficult to embed Teflon tubes because we had to put
Teflon tubes inside smaller holes (compared to the actual size of the Teflon tubes). However, when we embedded the Teflon
tube inside the metal router, even if the hole of the metal router was bigger than the size of the Teflon tube, it was possible to
firmly fix the tube by deforming the hole at the metal router with a decent amount of force; thanks to the ductility of the brass,
the hole remains its shape even after the applied force is removed.



Figure S6: Teflon tube embedded metal router
A feature anticipated for inclusion in the next version of our robotic design to reduce the friction at the tendon; the metal router
can firmly fix the Teflon tube due to its ductility.

C Approaches to find the appropriate number of actuators

In this research, we aimed to derive the minimum number of actuators required to make three primitive motions (index/middle
fingers flexion/extension, thumb abduction/adduction, and thumb flexion/extension) independently by using the under-actuation
mechanism. Note that, the under-actuation mechanism is located in the actuator, as described in Appendix B.7; therefore, we
only need to think about how the existing tendons should be connected to the actuators without concern for the complexity and
the friction issue of the under-actuated tendon routing.

The required number of actuators for the proposed robot system was first derived through the analytical method described in
Appendix C.1. However, this approach only provides an initial guess because several assumptions are required for the analytical
method that may not be true in the proposed robot system. As an alternative, we also derived a required number of actuators
through a simulation, as described in Appendix C.3.

C.1 Analysis to derive the required number of actuators

As a first step to finding the optimal number of actuators, we derived a mathematical expression of the relationship between
the joint configuration and the tendon configuration; this relationship is named tendon Jacobian, according to previous research
[22,33]. We can define the tendon Jacobian by expressing a kinematic relationship between the tendon and the joint angle as

i=Jrq+x (S1)

where, 1 € R", Jp € R"*"_ q € R", and x € R™ are the tendon length, tendon jacobian, joint angle, and tendon displacement,
respectively. n; and n, represent the number of tendons and the joints, respectively. Since we are interested in analyzing a
method to use fewer actuators, the number of actuators (n,) might be different from the number of tendons (n;). Therefore, we
also define the relationship between the tendon space and the actuator space. Focusing on the force relationship between two
spaces, we would define the relationship between wire tension (T € R™) and the force input (§ € R"*) of the actuator as

T = U (S2)

with matrix U € R™*" that maps the input and the output; physically, this matrix represents how each actuator pulls the
tendon with the under-actuation mechanism; the matrix U is similar to the transpose of the transmission matrix (RT), which is
represented in [34]. Using Eq (S2) and the virtual work principle, we can translate the kinematic relationship shown in Eq (S1)
into the force relationship between the joint torque (7, € R") and the actuator force input (£) as
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Ta = JAT
= JIu¢ (S3)
=JA&

by defining an actuation jacobian (J5 € R"*") as UT J1. Then, we can analyze the controllability of the tendon-driven system
by expressing the generalized inverse form of the above equation as

E=N 7+anNJ}y) (S4)

where A™ and N(A) represent the generalized inverse and the null space of the A matrix, respectively; o represents any arbitrary
integer that is used to express the span of the null space. With this equation, if we want the robot to generate the desired joint
torque (7,4 € R"), we can find an appropriate desired actuation input &g € R" from the given equation.

One important thing to note here is that the desired actuation input must be positive because the tendon can only transmit
tensile force. Therefore, if the desired actuation input from the given equation is negative, we cannot make the desired joint
torque even if it satisfies Eq (S4). Interestingly, the solution to find positive actuation input comes from the presence of null
space. Suppose we can find any arbitrary positive null vector N (J})*. In that case, we can always find positive actuation input
& by summing sufficiently large positive term (aN (JX)*) because we can choose sufficiently large ¢ € R. In summary, the
tendon-driven robot can control the joint torque if the system satisfies the following conditions [22]:

1. The transposed actuation jacobian should have null space.

2. The transposed actuation jacobian should have a positive null vector.

When finding the relationship between joint position output and the actuator position input of the under-actuated tendon-
driven robots, researchers have not used the conventional method that represents the kinematic relationship; instead, they have
used quasi-static condition (which will be explained in the next paragraph) to represent joint position output from the actuator
force input. This is because, in the under-actuated tendon-driven system, the joint angle cannot be defined even if we determine
the tendon excursion length - i.e., there exist multiple joint configurations even if the tendon excursion length is defined.

Alternatively, researchers have obtained the joint angle by using the quasi-static condition. Under this condition, similar to
the previous study [33], the torque equilibrium equation in the joint domain can be represented as

dTiotal = dTy +d T +dT
=dt,+dt. —Kdq (S5)
=0

where K € R™*" is joint stiffness, 7, € R™ is a passive torque generated by the passive component at the joint and 7. € R™ is
torque generated by the external contact wrench; in the wearable robot studies since the human joint has its own joint stiffness,
the use of this term is natural.

By rewriting Eq (S5) to represent the joint angle and combining it with Eq (S3), we can obtain the relationship between the
joint angle and the actuator force input as

dq =K Y(dt, +dz.)
(S6)
=K (Jhd¢E +dr.).

C.2 Applying the analysis for the proposed system

This subsection explains how previously explained conditions (that determine the joint torque controllability) can be satisfied
in the proposed robot system, and whether four actuators are sufficient to assist three primitive motions. The analysis was
conducted by simplifying the system as a system that only has three joints (qprim tabd-Gprim.i fes a0 Gprim,mife) because we are
focusing on primitive motions rather than independent joint motions. With this simplification, we can express joint torque
(Tprim € RR3) in primitive angle domain by rewriting the Eq (S3) as
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T
Tprim = JTT
T
= JpU& (87
T
=Ja656
where J4 ¢ € RO and &g € RS are an actuation jacobian and an actuation input matrix specified for the case where six actuators

are used. In the tendon routing of our robot, since each tendon controls each direction of three primitive motions respectively,
we can imagine Eq (S7) will have a form similar to

Ee.1

Tprim,tabd Ry, —Rpy 0 0 0 0 26,2
Tprimife | = 0 0 RTf —R7. 0 0 66,3 (S8)
Tprim,imfe 0 0 0 0 RIMf —Rine gz,:

Ee.6

where R, € R represents an arbitrary variable to express the structure of the transposed actuation jacobian (J A,6T) and &, € R
represents an actuation force input of *-th actuator to show the structure of actuation input vector (&g). In Eq (S8), for instance,
we can consider 5671 and 56,2 as a tension of the thumb abductor and the thumb adductor, respectively. Similarly, Ry, and Ry
can be considered as an instantaneous moment arm of the abductor and adductor; we can also infer that all of R, will be positive
because they represent the instantaneous moment arm; to clarify this argument, we included “—” symbol at Rz, Rr., and Rpye.
With this interpretation, we can induce that we can adjust the torque (T,yimrqpq) by controlling two variables (&g and & 2).

Now, by considering two conditions of the actuation Jacobian introduced in the previous subsection, we can figure out
whether the proposed system with six actuators can control the joint torque of three primitive motions. Using the “symbolic
matrix” function from Matlab, we can obtain the null space of the J A76T as below:

T
T Rrq Rre Rive
NOKe =R 1 g 1 g 1) (59)
Since J A76T has a positive null space vector, we can figure out that the Exo-Glove Shell with six actuators can fully control the
three primitive motions.

A similar analysis can be conducted for the case where four actuators are used. Using the actuation input notation (defined
in Fig. 1(g) of the main text), the relationship between the joint torque and the actuation input can be represented as

&

Tprim,tabd 0 7RTd 0 RT €4 )
Tprimife | = RTf —Rr, 0 0 ‘5473 . (S 10)
Tprim,imfe RIMf 0 _RIMe 0 ‘;;_4"4

In this equation, we can infer that each actuation input (&1, 42, E43, and &44) pulls the flexors of the thumb and in-
dex/middle finger, thumb adductor/extensor, extensor of the index/middle finger, and thumb abductor, respectively; this is the
same order as the actuation input defined in Fig. 1(g) of the main text. Subsequently, by deriving the positive null space vector
of JXA as

T
T \_ [RRre  Rpp  RroRreRivy
NJaa) = RrqRry  Rra  RrpaRrpRime 1 (S11)

using Matlab, we can infer that the Exo-Glove Shell with four actuators can fully control three joint torques (represented in the
primitive motion domain) as well.

One remaining question might be “Why can’t we use fewer than four actuators?”’. However, in these cases, the transposed
actuation jacobian (JZ) will not have null space; therefore we cannot always find the positive actuation input under the given
desired torque output. In conclusion, we can infer that four actuators are sufficient and minimal to make three primitive motions.

Although previous analysis proves that the minimum number of actuators for our robot might be four, we can use this
result only as an initial guess; more actuators may be required in the Exo-Glove Shell because of the simplification used in the
analysis. First, J4 is not constant in our system, while the J4 of the previous analysis is regarded as constant. This difference is
because, in the previous studies, the tendon is routed via pulleys, so the moment arm of the tendon could be sustained constantly.
However, in our system, the tendon is routed via the sheath, so Jr is not a constant; this is usually called suspended tendon

12



routing. In this routing, the Jacobians are functions of the joint configuration, so maybe there could exist some difference.
Also, it may not be accurate to simplify joint configurations in primitive joint configuration space. It reduces the dimension
from 11 to 3, which could cause any mathematical problem. Therefore, as an alternative method, we found the minimum
number of actuators through the simulation, rather than solving it analytically. Details of the simulation are explained in the
next subsection.

C.3 Simulation to find the optimal number of actuators

This subsection describes the detailed simulation process we used to find the optimal number of actuators. For the optimization,
the objective function was set to maximize the volume of the opposition workspace. The opposition workspace is defined as
the space where the workspace of the thumb and that of other fingers overlap [35]. This workspace is well used as an indicator
to validate the robots that assist or mimic the thumb [36, 37], because thumb opposition is one of the most important functions
of the hand in grasping [31]. With this objective function, the simulation was conducted by increasing the number of actuators
from one to six. Note that we aimed to apply the under-actuation mechanism between the index and middle finger, so the
maximum number of actuators was set to six, instead of eight. This is because the SNU Exo-Glove [14] was an initial design
of the proposed robot, and the advantages of using an under-actuation mechanism between the index and middle finger were
preserved in the Exo-Glove Shell. Under these conditions, the simulation was conducted using Matlab. The detailed simulation
procedure is as follows:

1. Generate the random actuation inputs and divide the actuation input into n steps. A maximum of six inputs are generated
because our maximum number of actuators is six.

2. Calculate the initial position of all robot components (i.e. finger, tendon router, tendon) in the Cartesian domain using
the forward kinematics.

3. Compute the actuation Jacobian (J4 in Eq (S10)) using the global position of the robot components.

4. Obtain the next step joint configuration using Eq (S10). Further, compute the global positions of the robot components
in a manner similar to step 2.

5. Check whether the thumb is overlapped with other fingers. If the thumb overlaps with other fingers, save this position as
an opposition workspace. After that, repeat step 3 - step 5, n times.

6. Measure the size of the opposition workspace after the simulation.

In step 1, we used the Monte-Carlo approach to obtain the random actuation inputs since the Jacobians are non-linear; a
total of 5,000 random actuation inputs were generated in this step. In detail, we first generated 200 random sets that consist of
the initial tension and the final tension. Here, the minimum and maximum values of the initial tension was set to 0 (N) and 0.5
(N), respectively. Similarly, the minimum/maximum value of the final tension was set to 0 (N) and 4 (N). For each initial/final
tension set, 25 different tension distributions were obtained. Therefore, a total of 5,000 (200 x 25) actuation input sets were
generated. After that, to solve the forward kinematics, each tension distribution was divided into 1000 steps.

Step 2 calculates the initial global position of all robot components in a global frame (i.e. fixed frame) using the kinematic
information of the hand and the tendon router. The kinematic information is summarized in Appendix C.4 and is defined with
respect to the body frame (i.e. moving frame). For instance, if the robot component is attached to a certain phalange j, the
location of this component is also represented in joint frame j. For this case, the position of the robot component in the global
frame can be expressed as

[”;’b] =Tyj(9)P:j (S12)

where, P, ; is a position of a given robot component in the joint frame defined in the Supplementary section C.4, P, ;, is a position
of a given router in the global frame, and 7}, is the translation matrix that maps between the joint frame and the global frame.

Step 3 is a step that calculates a transpose of actuation Jacobian JAT using the robot configuration. As can be inferred from
Eq (510), JI can be obtained by multiplying the under-actuation matrix U to the right side of the tendon Jacobian J as

JF=Jlu. (S13)
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Table S2: Hand kinematics

Metacarpal Proximal Intermediate Distal
P Phalanges Phalanges Phalanges
Thumb  60.8 (mm) 34.4 (mm) - 29.0 (mm)

Index 45.0 (mm)  47.6 (mm) 20.1 (mm) 18.7 (mm)
Middle 55.1 (mm)  43.5 (mm) 21.2 (mm) 22.8 (mm)

The tendon Jacobian can be computed using the location of all the robot components obtained in step 2 because this Jacobian
is defined via the kinematic relationship between the tendon displacement and joint angle, as shown in Eq (S1).

Using the actuation Jacobian that is obtained in step 3, step 4 calculates the next step joint configuration by using Eq (S10).
One important thing to note is that joint stiffness (K in Eq (S10)) is a human property and this value is difficult to define because
it is affected by several parameters, such as arm posture, temperature, age, sex, etc. In this study, we used the average value of
the previous study, because our study aims to find the optimal number of actuators, rather than to solve the forward kinematics
accurately. Further, the position of the robot components in the global frame is calculated using the updated joint configuration,
similar to step 2.

In step 5, we checked whether the thumb overlapped with other fingers. When the fingers were overlapped, the overlapped
point was included in the opposition workspace. After checking whether the finger configuration was under the opposition
workspace or not, the simulation repeats steps 3 to 5 in sequence for 1000 (n in step 1) times.

In the final step, we calculated the size of the opposition workspace using the Matlab functions *boundary’ and ’polyarea’,
which find the boundary of 2D data sets and measure the size of the boundary, respectively.

Using this simulation process, the values representing the volume of the opposition workspace for each case (i.e., the use of
one to six actuators) were obtained. The opposition workspace is visualized in a 2-D plane because the abduction/adduction of
the index and middle finger are not considered - i.e., the workspace of the index/middle fingers exists in the 2-D plane, so the
overlapped workspace could be visualized in the 2-D plane. Further, for simplification, we added the opposition workspace of
the index finger and that of the middle finger for the simulation result.

C.4 Kinematic information of the hand and the tendon routers

This subsection introduces kinematic information about the hand and robot that was used to simulate the Exo-Glove Shell. For
the hand kinematics, since the human hand has a complicated structure, we used the simplified hand model proposed in [38].
In this model, for simplification, the thumb Carpo-metacarpal (CMC) joint was divided into three revolute joints to replace
the complicated motion of the thumb, as shown in Fig. S7(a). The three DOF motions of the thumb’s CMC joints are called
abduction/adduction, flexion/extension, and internal rotation (supination/pronation). Similarly, we refer to each divided joint as
the CMCypp, CMCrg, and CMCjg, joint, respectively.

The base frame, which is used as a global frame (G.F in Fig. S7(a)) that describes all the motion and torque of the joints,
was attached to the orientation of the thumb (i.e, CMCypp joint). The base frame is defined to have the x-axis as the direction
from the wrist to the finger, and the y-axis as the direction from the back of the hand to the palm. Also, each link has its own
moving frame (M.F in Fig. S7(a)) that moves along with the links. In the moving frame, the x-axis is defined to be parallel to
the bone, and the z-axis is defined to be parallel to the rotation axis of the joint. The z-axis direction was set so that the torque
in the flexion, abduction, and internal rotation directions could be positively defined. The definition of the moving frame axis
is described in Fig. S7(a). The actual phalange length is expressed in Table S2.

Using the given kinematic hand model, the tendon configuration was derived by defining the location of the tendon routers.
Since the location of the tendon routers changes along with the hand configuration, we defined the location of the tendon routers
with respect to the moving frame, as described in Table S3. In this table, the X, Y, and Z values in the table are represented in
a moving frame coordinate that is attached to a specific finger joint. The I.O in the last column indicates whether the tendon is
going into (I) or going out from (O) the router. With this human-robot kinematic information, the model of the Exo-Glove Shell
was simulated using Matlab, as shown in Fig. S7(b). The visualization of the hand model was performed using the Syngrasp
model [39].
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Figure S7: Overview of the hand kinematics

(a) shows the simplified human hand kinematic model used in the simulation. The coordinate with the black arrows that is
attached at the CMC joint is the global frame (G.F) of the hand. For the moving frames (M.F) that represent the motion of each
link, only the X-axis and Z-axis are described for visibility. The moving frames are defined as the right-handed coordinates;
the Y-axis can be inferred from the cross product of the Z-axis and X-axis. In the moving frames, the X-axis is defined as a
direction parallel to the link and is shown by the red solid arrow. Also, the Z-axis is defined as a direction parallel to the joint
rotation axis and is shown by the green dotted arrow. (b) shows the representation of the hand model in Matlab. The red lines in
the figure represent the tendons used in the Exo-Glove Shell. Since we only actuate and simulate the thumb, index, and middle
finger, the hand model does not consist of either a ring finger or a little finger. Note that, the first bones of each finger are the
metacarpal bones, which are located inside the palm of the hand.
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Table S3: Position of the tendon router in the finger frame

Tendonl Finger Joint X(mm) Y(mm) Z(mm) [LO Tendon2 Finger Joint X(mm) Y(mm) Z(mm) LO
Thumb 1P 5 3 0 (0] Thumb 1P 8 -12 0 (0]
Thumb  MCP 25 3 0 I Thumb  MCP 30 -12 0 I
Thumb  Thumb MCP 5 3 0 (6] Thumb  Thumb MCP 8 -12 0 (0]
Flexor Thumb CMC 55 3 0 | Extensor Thumb CMC 50 -12 0 I
Thumb CMC 8 3 0 (0] Thumb CMC 8 -12 0 (0]
Index  Origin 8 4.5 0 I Index  Origin -10 -12 0 |
Tendon3 Finger Joint X(mm) Y(mm) Z(mm) I[LO Tendond4 Finger Joint X(mm) Y(mm) Z@mm) LO
Thumb  MCP 3 0 4.5 (0] Thumb CMC 8 -6 0 (0]
Thumb  Thumb CMC 55 0 4.5 I Thumb  Middle Origin 40 -10.90 21.38 I
Abductor Thumb CMC 40 0 4.5 O Adductor Middle Origin 0 -14.11 19.42 (¢}
Middle Origin 0 4.5 -20 I - - - - -
Tendon5 Finger Joint X(mm) Y(mm) Z(mm) LO Tendon6 Finger Joint X(mm) Y(mm) Z(mm) LO
Index DIP 8 3 0 (0] Index DIP 8 -12 0 (0]
Index PIP 15 3 0 I Index PIP 15 -12 0 I
Index Index PIP 8 3 0 (0] Index Index PIP 8 -12 0 (0]
Flexor Index MCP 38 3 0 I Extensor Index MCP 40 -12 0 I
Index MCP 8 3 0 (6] Index MCP 8 -12 0 (6]
Index  Origin 50 3 0 I Index  Origin 55 -18 0 I
Tendon7 Finger Joint X(mm) Y(mm) Z(mm) I[LO Tendon8 Finger Joint X(mm) Y(mm) Z(mm) LO
Middle  DIP 8 3 0 (0] Middle  DIP 8 -12 0 (0]
Middle PIP 15 3 0 I Middle PIP 15 -12 0 I
Middle Middle PIP 8 3 0 (0] Middle Middle PIP 8 -12 0 (0]
Flexor Middle MCP 40 3 0 I Extensor Middle MCP 40 -12 0 I
Middle MCP 8 3 0 (6] Middle MCP 8 -12 0 (6]
Middle Origin 55 3 0 I Middle Origin 65 -12 0 I
(a) (b) Ty =Tges  A0;=0 |(C) AG,=s Afy= 0
Thumb Thumb Thumb
Adduction/Extension Mc;)tor Adduction/Extension M%tor AdductionI/Extension M%tor
1
Middle/Index £ é Middle/Index Middle/Index
Extension E é Extension Extension
w
A T M TA IM TA M
BD FE FE BD FE BD FE
26
Thumb Thumb/Middle/Index Thumb Thumb/Middle/Index Thumb T mw
Abduction Flexion Abduction Flexion Abduction FE
Motor Motor Motor\ Thumb/Middle/Index
4 4 4 Flexion
A6,=0 AG=s A6,=0 @ T1 = Tdes

Figure S8: Simplified schematic how Exo-Glove Shell generates primitive motions

(a) shows how three primitive motion assistance can be simplified as a schematic; TABD, TFE and IMFE represent Thumb
abduction/adduction, Thumb flexion/extension, and Index/Middle fingers’ flexion/extension, respectively. (b) and (¢) show how
Exo-Glove Shell assists the thumb extension and flexion, respectively.
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C.5 Three primitive motions assisted by Exo-Glove Shell

The Exo-Glove Shell assists three primitive motions with only four actuators as shown in Fig. S9 and our supplementary
video. Although we have also proven how the Exo-Glove Shell with four actuators can fully control three primitive motions,
we believe that providing additional information and the simplified schematic (Fig. S8) could help readers understand how we
control our robot to make the primitive motions.

When the robot assists thumb extension as shown in Fig. S8(b), the robot first pulls the thumb abductor using actuator 4
until the tension of the abductor becomes 0.5 (N) and measure that position; the tension is measured using the load cell attached
to the actuator and the value 0.5 is decided empirically that makes sufficient tension at the tendon. After that, by controlling
this actuator to sustain its position (AG; = 0) in position control mode, we prevented the thumb abduction. Subsequently, by
pulling the thumb adduction/extension tendon with actuator 2, the robot can extend the thumb; since actuator 4 is sustaining its
position as described previously, the user does not make thumb adduction even if actuator 2 operates. In the meantime, actuator
1 releases the tendon sufficiently (A6; = s) in order not to disturb the thumb extension motion; this is because the thumb flexor
can disturb the extension motion if there exists tension at the thumb flexor. The thumb flexion can be assisted similarly to the
thumb extension assistance as shown in Fig. S8(c); actuator 1 makes the flexion motion while actuator 3 prevents the flexion of
index/middle fingers.

Although the robot generates the motions independently in practice, it is also true that the experimental results (Fig. 7 of the
main text) show a small amount of coupled motion. One possible reason for this issue can be a lack of sensors on the glove. For
instance, when we think about assisting the thumb flexion motion, the index and middle fingers should not move due to actuator
3. However, due to the tendon elongation, we could find coupled motion even after controlling actuator 3; when the tendon
elongates, the fingers can move even if the motor doesn’t rotate. This phenomenon could be solved by actively compensating
the tendon elongation with external sensors (e.g., bending sensors, external cameras) or by using an elongation model.

The complicated anatomical structure might be another reason for showing the coupled motions. This might be the main
reason specifically in thumb abduction motion because actuator 4 only assists thumb abduction; coupled motion should not
occur in this direction if the reduced number of actuators is the reason for coupled motion. Although we cannot explain which
factors mainly cause the coupled motions, we can say that the coupled motions while assisting thumb abduction are solely
affected by the complicated thumb joint structure. Even though we found several reasons for the coupled motion, we decided
not to improve the robot to solve these coupled motions because we found that the coupled motions are negligible in practice.

The research that aims to develop robots with fewer actuators can be thought of as the research that tries to find the
appropriate dimension of the workspace. In general, researchers pursue the dimension of the workspace to be the same as
the dimension of the configuration space. However, since the robot can be complex if the robot has lots of joints, researchers
sometimes try to reduce the dimension of the workspace. According to the concept called postural synergy [40], we can develop
the robot to have the dimension of the workspace as two to make various hand motions. However, in this study, the robot was
developed to have a three-dimensional workspace (i.e., the robot was developed to assist three primitive motions). This is
because, we thought generating two principal postures (i.e., two principal components of the workspace) accurately is difficult
when developing soft hand wearable robots. For example, we should consider the differences in human properties of each
person; the elongation of the garment and friction at the tendon also make it difficult to generate accurate posture. Instead,
we decided to assist three primitive motions defined in finger level, because it is easier to make even with soft hand wearable
robots; the robot can make finger flexion/extension even if the user has different properties.

Regardless of the appropriate dimension of the workspace, our research focused more on answering the other question:
how many actuators (in our case, tendon-driven actuators) are required to make the robot cover desired workspace (which is
determined as three-dimensional workspace in our case)? This research has verified that, even with non-linearity (e.g., non-
linear joint stiffness and non-linear tendon jacobian) in soft hand wearable robot, it is possible to cover 3-dimensional workspace
with 4 tendon-driven actuators through analysis (Appendix C.2), simulation (Appendix C.3), and experiment (subsection 4.3 at
the main text).
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Figure S9: 3 Primitive motions assisted by Exo-Glove Shell

The first column shows the thumb flexion/extension motion assisted by Exo-Glove Shell; the second column shows the thumb
abduction/adduction motion; the last column shows the flexion/extension of the index/middle finger assisted by Exo-Glove
Shell. This figure shows the motion changes over time. Check our supplementary video for more information.
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(b)

Figure S10: Marker attachment for experiments 1 - 3

(a) shows how the markers were attached to measure the rigid router performance (experiment 1 in the main text); (b)
shows the marker attachment method used to measure joint angles to conduct experiment 2, which is described in the main
text. Red borders were drawn to increase the visibility of the markers; (c) shows the marker attachment method to measure the
position/orientation of the thumb in terms of the index finger configuration used in experiment 3 in the main text.

D Experimental Protocols

D.1 Experimental protocol for experiment 1

Experiment 1 was designed to validate whether or not the use of a metal router enhanced the actuation stability. This experiment
was conducted in the following order, examining both the previous robot (Exo-Glove) and the proposed robot (Exo-Glove
Shell).

The robot first extended the participant’s index/middle finger, set this posture to the initial posture, and then repeated flexion
and extension 25 times. During the repeated motions, we measured the position of six markers using the Vicon motion capture
system (Fig. S10(a)). Three markers (I,, I, and I,) were attached at the proximal phalanx of the index finger to represent the
index coordinate, while the other three markers (B,, By, and By) attached at the back side of the hand were used to represent the
body frame. With this marker configuration, I} 5, which is a z-axis of the index coordinate represented in the body frame, was

calculated. Also, we defined the amount of the robot’s torsional shift at the i’ repeated motion as
e = 255 D), i=1,2,..,25 (S14)

where, IIZ’I’;I is I}  measured at the i"" extended posture; similarly, IIZ’; is I} , measured at the initial posture.

D.2 Experimental protocol for experiment 2

Experiment 2 was conducted to validate whether the Exo-Glove Shell can assist three primitive motions with four actuators. In
this experiment, a motion capture system was used to measure the joint angle of the thumb, index, and middle finger using a
total of 16 markers, as shown in Fig. S10(b). 8 markers (Ip - I3 and My - M3) were attached to each of the index and middle
finger (four for each finger) and five markers (7;, T}, 1,, T1, and T3) were attached to the thumb. Also, to find out the body
frame, three markers were attached to the backside of the hand to define the body frame. Using these marker configurations,
three indicators for the DOF analysis were defined as
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OTABD = qCMC.ABD
Orre = mean(qcmc.FE,MCP.FE ,JIPFE) (S15)
Omire = mean(q1.FE,qM.FE)

where, g joint direction 18 the joint angle in specific direction - e.g., gcpc.app means the joint angle of the CMC joint in the
abduction/adduction direction. / and M means joints of index and middle finger, respectively. For the thumb CMC joint, the
XY'Z" Euler angle was used to measure the three-directional motion using three markers (7, T; and T;); X-axis (Unit [1o — T;])
represents the rotational axis related to the flexion/extension, Y-axis (Cross [Z-axis, X-axis]) represents the axis related to
the abduction/adduction and Z-axis (Unit [Ty — T;]) represents the supination/pronation [31]; the Unit operator represents the
normalized vector of the vector inside the bracket, while the Cross operator is used to represent the cross product. For the other
joints, since these joints show only one DOF motion, the joint angle was obtained using a dot product of two phalange vectors.
OtaBp, OTFE, and Qurp were obtained when assisting the thumb abduction/adduction motion, the thumb flexion/extension
motion, and the middle/index finger flexion/extension motion. We obtained the joint angle data while assisting through five
repeated motions.

D.3 Experimental protocol for experiment 3

The Exo-Glove Shell assists users with grasping in daily activities by dividing the grasp procedure into pre-grasp and actual
grasp stages. In these two stages, the robot operates under different control methods, as follows: 1) position control in the
pre-grasp phase; and 2) force control in the actual grasp phase. In the pre-grasp phase, the robot aims to prepare the posture in
which the thumb is properly positioned relative to the other fingers to grasp objects stably. In the actual grasp phase, the robot
is controlled to apply sufficient force to the objects. Experiment 3 shows how the robot assists with both a power grasp and a
lateral pinch grasp.

In the pre-grasp phase during the power grasp assistance, we measured the thumb height (%;p,,,») and orientation angle
(Cihump) in the index coordinates, which were defined as

— ¥4
hthumb - OTJF

P (S16)

Cinump = £(Z1F, Zr)
where, O% 5 is the z-directional value represented in the index frame; 7;r and Z7 is the z-axis of the index finger and the thumb
represented in the global frame. These variables are represented in Fig. 6(a) of the main text.

A total of nine markers were used to measure the hand motion, as shown in Fig. S10(c); three markers with L-shaped
structures were attached to the tips of the index and thumb, respectively, to define the index and thumb coordinates. The
remaining three markers (B,, B;, and B;) were used to define the body frame. By defining a transformation matrix between
the thumb coordinate and the index coordinate, it was possible to obtain the z-axis (O% ;) of the thumb origin described in the
index coordinate. '

In the lateral pinch grasp assistance, we aimed to position the thumb so that it could press the side of the index finger in the
pre-grasp phase. In other words, when we rotate the thumb tip toward the index plane (with the center of rotation as a CMC
joint), the tip should exist inside the workspace (which is assumed to be a 2D plane by ignoring the abduction/adduction motion
of the index finger) of the index finger. Accordingly, we defined Pr jr € R? as

_ V)
Prir = [FuormOT 15+ TnormO7 1F )

, (S17)
Fnorm = L b/ | [0)’1(',1Fa OyT,IF] [

where, O7 ;r and Oy are the x-directional value and y-directional value of the thumb fingertip represented in the index
coordinate, respectiveiy. In this equation, 7,4, is @ normalization factor to make the length of Pr;r to be same as the length of
the thumb (Lzpmp); ||A|| means the size of vector A. Similar to the power grasp experiment, the 9 markers shown in Fig. S10(c)
were used to define Prjr in Eq (S17).
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Table S4: Summary of subject description

Gender Age Injuryregion Year occurred Rehabilitation duration Other features
C5.,6 August, Unable to move
Male 40 (ASIA-A) 2002 20 months all fingers but can feel pain

D.4 Experimental protocol for experiment 4

In hand-wearable robot studies, numerous methods have been proposed to measure the robot’s performance in the force domain.
One of the well-used methods is to validate the fingertip force to show the robot’s performance. However, generating a fingertip
force in a single contact point might be less important in practical grasping [41]. Instead, satisfying the force closure condition
by increasing contact points with the object might be a way to increase the stability of the grasp. Therefore, if there are n
number of contact points, the sum of the contact forces (F¢; in Eq (3) of the main text) can be an indicator of the grasp stability.

For this reason, we designed an experimental setup that estimates the sum of the contact force, as shown in Fig. 9(a) in the
main text, similar to the previous study [11]. This setup also has the advantage of being able to measure the performance of the
robot when grasping objects of various shapes with a single experimental setup. Using this experimental setup, we measured
the grasp performance factor (Pfoc.) in the force domain, as described in Eq (3) in the main text.

The experiments were conducted 5 times each, using a cylinder-shaped object and a card-shaped object, and the average
value of Py, was used for the experiment. In the experiments, the objects grasped were made using a 3D printer. The friction
coefficient (1 in Eq (3) in the main text) was measured by another experiment as 0.38. Further, to prevent any threat of injury,
the vertical moving distance (d in Fig. 9(b) of the main text) of the object and the speed were set to 30mm and 10mm/s,
respectively.

D.5 Qualitative assessment of the Exo-Glove Shell

When developing the wearable robot, it is also important to consider qualitative aspects of the robot because the robot is directly
worn by the user. Therefore, we prepared and asked qualitative questions to the experimental participant (a single SCI person
as shown in Table S4) after proceeding with the quantitative validations (Experiments 2 - 4). The experimental participant did
not experience any severe spasticity during the experiment. Also, the participant’s initial finger posture was straight, therefore,
wearing the robot was not so difficult. Please check our interview video at https://youtu.be/2-DfdRhCtMY (or our
publication website at https://sites.google.com/view/exo—gloveshell) for more information. The interview
in the video is documented below.
The advantages of Exo-Glove Shell are:

1. Metal rings make the robot safe and reliable compared to other robots that don’t use the rings. (The experimental
participant has many experiences in wearable robot experiments conducted in our previous robots.)

2. The robot easily makes thumb motions by guiding the movement using the rigid guide (even though the thumb has many
degrees of freedom).

3. I feel safe and hardly feel any pain when using the robot (He can sense the pain even though he cannot move the finger.)
4. It’s light and it seems easy to wash.

5. The shell structure of the router may make the glove difficult to wear, but they actually make it easier to wear by
maintaining the shape of the finger holes at the glove.

6. The weight of the metal ring is not that significant.

7. The robot assists the lateral pinch posture, which is the posture I have wanted the most.

We also asked the participant about how we could improve the robot. The answers from the experimental participant are
1. Although it is good to use, customization should be considered.

2. The method to operate the robot should be improved. For example, a GUI platform to let users operate the robot would
be useful.
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